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Abstract 
The work presented in this thesis explores the potential of using the Zincke salts of viologen derivatives 
to produce n-type (electron accepting) conjugated oligomers, polymers and macrocyles. 
 
The cyclocondensation reaction between rigid, electron-rich aromatic diamines and di-Zincke salts has 
been harnessed to produce a series of conjugated oligomers containing up to twelve 
aromatic/heterocylic residues. These oligomers exhibit discrete, multiple redox processes accompanied 
by dramatic changes in electronic absorption spectra. Comparison of the CVs of all of the unimers and 
dimers shows a strong correlation between the half wave potentials (E1/2) and the pKb values of the 
amine residues of the endgroups: higher pKb values for the endgroups increase the energy required to 
reduce the viologen species. The measured conductivities of selected unimers, dimers and trimers 
showed that as either the length or area of conjugation increases, the thin film conductivity tends to 
increase. In addition, some of the oligomeric species showed interesting photocurrent characteristics 
under irradiation at visible wavelengths. 
 
Lastly, a novel fully π-conjugated macrocycle which contained two 4,4ʹ-bipyridinium residues was 
synthesised by cycloaddition of a di-Zincke salt with m-terphenyl diamine. It was found to be suitable 
to bind electron rich aromatic derivatives. Two [2] pseudo-rotaxanes incorporating this novel 
cyclophane were studied. The results clearly demonstrated that binding occurred by inclusion of the 
guest into the cavity of the macrocyle. The binding constant of the complexes was found to be 
correlated to the number of face-to-face stacking interactions within the supramolecular structure. 
 
The results of this work will contribute towards a greater understanding of the electronic properties of 
viologen based materials. In particular, the identification of the correlation between the pKb values of a 
broad range of aromatic end groups and the E1/2 value of the viologens could have great value for 
designing a broad range of systems including nano-machines, electrochromic displays and novel 
catalysts. 
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1.1. Introduction and aims of the thesis 
Materials are characterised according to their physical properties, for example magnetic 
susceptibility, tensile modulus or elongation at break. Over the last 150 years controlling the 
electronic properties of materials has become one of the most exciting areas of research.  
 
All materials can be defined as either a conductor, insulator or semiconductor.
1,2
 As will be 
discussed in more detail later, the precise electrical properties of a material are dependent on the 
positions of the electrons within their atomic or molecular structure.
3
 However, traditionally 
most conductors are metallic substances, semiconductors usually silicon based and insulators 
are frequently polymers and ceramics.
4
 Over recent years there has been great interest in 
producing polymeric materials with electrical properties as a consequence of their low cost, 
tunable mechanical properties and ease of fabrication.
5,6
 This chapter will briefly review the 
history of the fast moving field of polymer electronics. Towards the end of the review, the 
synthesis of pyridinium-containing electronic materials will be discussed as this is the focus of 
the experimental chapters of this thesis.   
 
Polymers have become ubiquitous in the modern world.
7
 Their physical properties can be tuned 
by varying their chemical structure, chain length and dispersity.
8
 Through careful choice of 
monomer structure, polymers can be produced that are elastomeric in nature or are tough 
enough to construct the load bearing components of passenger aircraft.
9
 Despite these diverse 
mechanical properties, polymers have generally been considered to be electrical insulators.
10
 
For example, they can be used as antistatic coating materials or to insulate copper wire.  
 
The insulating properties of polymers were not challenged until the seminal work of Alan J. 
Heeger, Alan MacDiarmid and Hideki Shirakawa
11,12
 in 1977. They found that polyacetylene 
(Figure 1.1), a simple organic polymer comprising alternating single and double bonds, could 
exhibit conductive properties if subjected to a process known as doping. This occurs by 
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treatment of the material with oxidizing or reducing agents which results in the introduction of 
charge carriers into the material. The publication of this work on polyacetylene resulted in an 
explosion of research activity into conducting polymers. This is because compared to the 
traditional metallic conductors, polymers typically have a range of desirable attributes: lower 
raw material and production costs and more simple fabrication into large area devices. In 
addition, they are usually lower density and frequently exhibit excellent physical properties 
(such as flexibility). The importance of this first breakthrough in conducting polymers was 
acknowledged by the award of the Nobel Prize to Heeger, MacDiarmid and Shirakawa in 2000. 
 
 
Figure 1.1. The structure of trans-polyacetylene. 
More than 40 years of research and development has resulted in the synthesis and evaluation of 
a diverse range of organic small molecule and polymeric electronic materials. Each class has its 
own set of advantages and disadvantages.
13
 The advantages of electronically conductive small 
molecules include synthetic simplicity, mono-dispersity and ease of purification.
14
 On the other 
hand, compared to small molecules, polymers can exhibit intrinsic strength and flexibility 
which may make them easier to fabricate into working devices.
15
 Both small molecule and 
polymeric electronic materials have been shown to have great potential in many areas, 
including light-emitting diodes (LEDs),
16,17
 photovoltaic devices (PVDs),
18,19
 electrochromic 
devices (ECDs),
20–22
 and field effect transistors (FETs).
23–26
 
1.2. The electronic structure of organic semiconductors 
In order to optimize device performance, it is important to understand how conjugated 
molecules conduct charge. Generally, charge transport can be thought of as an electron transfer 
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from a charged part of a polymer chain to neighboring region. Therefore, the material must 
contain an orbital system that allows the charge carriers to move. This can be achieved if the 
chemical structure of the material contains an unbroken region of overlapping of π-orbitals 
along the backbone (a conjugated or unsaturated system). This feature is clearly visible in 
polyacetylene as alternating single and double bonds (Figure 1.1). Extended conjugated 
systems provide a continuous region of -electron density along the polymer backbone through 
which charge carriers can move unhindered.  
 
As a consequence of their electronic structure, most conjugated polymers do not possess free 
electrons to act as charge carriers in their native state.
27
 Therefore, as in the case of in the case of 
polyacetylene, the charge carriers are introduced through a doping process, either by the 
addition of electrons (n-doping) with electron donors (e.g. Na, K) or by the removal of electrons 
(p-doping) which creates a positively charged „hole‟ through the addition of electron acceptors 
(e.g. I2,  AsF5).
28
 
 
Beyond the orbital structure and doping of a polymer, the electrical properties are also 
dependent on the relative and absolute energy of the orbitals.
29
 The difference in energy 
between the highest energy molecular orbital occupied by electrons (HOMO or valence band) 
and the lowest unoccupied molecular orbital by electrons (LUMO or conduction band) is 
termed the band-gap (Figure 1.2).
30
 The valence band and conduction band of metallic 
conductors overlap, therefore, electrons in metallic conductors are free to move. In contrast, in 
semiconductors and insulators, the conduction bands are empty and energetically separated 
from the valence bands. In both these cases, electrons must be promoted across the band gap to 
generate a conductive material. For insulating materials, the band gap between the conduction 
and valence band is too large to be crossed under typical environmental conditions, accounting 
for their lack of electrical conduction.  
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Figure1.2. A schematic representation of energy gaps in a conductor, semiconductor and insulator respectively.  
The energy levels of semiconductor materials can be tuned by the addition of dopants, as seen 
in the original work on polyacetylene (Figure 1.1). Figure 1.3 shows the energy level 
diagrams for a typical n-type and p-type semiconductor. In an n-type inorganic semiconductor, 
the addition of electron dopants results in the reduction in the energy level of the LUMO. This 
means that electrons from the valence band can be more easily excited into the conduction 
band. In contrast to n-type doping, p-type dopants increase the energy level of the HOMO. 
This also has the effect of reducing the HOMO-LUMO band gap.  
 
 
Figure 1.3. Energy-band diagrams of n- type and p- type semiconductor. 
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1.3. Electronic structures of p-type and n-type semiconductors 
As with inorganic semiconductors, organic polymeric semiconductors can be defined as p-type 
(electron donor, hole transport) or n-type (electron acceptor, electron transport).
31
 P-type 
organic semiconductors have been studied most widely,
32–36
 with many hundreds produced 
with varying chemical structures over the past few decades. Figure 1.4 shows some of the most 
widely studied p-type organic semiconductors. 
 
 
 
(1.2) Poly(p-phenylene 
vinylene)
37
 
(1.3)Poly(3,3‴-dialkylquarte 
thiophene)
38
 
(1.4) α,- Sexithiophene 
(m=4)
39–41
 
R=C2H2n+1; n=0-8 
  
 
(1.5) Regioregular 
poly(3-alkylthiophene)
4
2–44
 
(1.6) Bis(dithienothiophene)
45
 (1.7) Pentacene
46,47
 
 
 
(1.8) α-Sexithiophene48 (1.9) 2, 8- Dihexylanthradithiophene39 
Figure 1.4. Molecular structures of common p-type organic semiconductors. 
In contrast to the large number of p-type organic semiconductors, the number of n-type organic 
materials is limited to a very small number of oligomers and polymers.
49
 This is because 
n-type organic materials can have significant drawbacks including complex synthesis, poor 
solubility and high susceptibility to oxidation. Despite this challenge, over recent years there 
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has been an intense interest in the design and synthesis of this class of small molecule and 
polymer as shown in Figure 1.5. 
 
 
 
 
(1.10) C60
50,51
 (1.11) NTCDI-R
52
 
 
 
(1.12) TCNQ
53
 (1.13) PTCDI-R
54–56
 
  
(1.14) TCNNQ
57
 (1.15) DCMT
58,59
 
 
 
 
(1.16) NTCDA
57
 (1.17) Derivatives of 4,9-diphenylanthrazoline
60
 
  
(1.18) BBL
61,62
 (1.19) BBB
61,62
 
Figure 1.5. Molecular structures of new n-type organic semiconductors. 
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1.4. Applications of conjugated semiconductors 
With a supply of organic conductors and semi-conductors at hand, increasing attention is now 
turning to their application in working electronic devices. Although many of these devices use 
similar physical principles they can have dramatically different uses. Over the following few 
sections the underlying concepts behind polymeric organic light emitting diodes (OLEDs), 
photovoltaic devices (PVDs) and thin film transistors (TFTs) will be briefly discussed.  
1.4.1. Polymers for light-emitting diodes 
One of the first commercial uses of conjugated polymers was in organic light emitting diodes 
(OLEDs) which emit light when electric current passes in one direction. OLEDs consist of two 
components: an n-type semiconductor which can accept electrons and a p-type semiconductor 
which readily lose electrons, creating a positively charged hole (Figure 1.6). The free electrons 
and holes are created by applying a voltage across the device. When the electrons in the n-type 
component and holes on the p-type component combine, a photon is released, generating light. 
 
 
Figure 1.6. Schematic of a light emitting diode. 
The colour of emitted light is related to the size of the n/p-type band gap energy.
63
 Thus, finding 
materials with suitable band gaps to produce the primary colours of the visible spectrum is one 
of the main drivers in OLED research. 
 
The frequency (colour) of the light emission can be tuned through chemical modification of the 
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macromolecules.
64
 This was demonstrated in the first report of organic polymeric light-emitting 
diodes by Friend and co-wokers
65
 at University of Cambridge in 1990. The group reported the 
synthesis of π-conjugated poly(p-phenylene-vinylene)s (PPV) (Figure 1.7). PPV possesses 
many desirable properties, such as a small optical band gap, bright yellow fluorescence and 
high oxidative and thermal stability which makes it an excellent candidate in many electronic 
high-technology applications.
66
 It is also the one of the few conjugated polymers that has been 
processed into a film with highly ordered crystallinity.
67
 This morphology can create better 
percolation pathways for charges to move toward the corresponding electrode.
68
  
 
Despite these numerous valuable physical and electronic properties, PPVs still present 
processing problems, most notably an extremely low solubility in common solvents.
69
 In order 
to overcome this, many studies have subsequently produced powerful synthetic strategies to 
synthesize structural variants with greater solubility.
70
 The most successful derivatives contain 
flexible side groups along the polymer backbone or main chain.
71–75
 Over the last three decades 
of research, many promising electroluminescent conjugated polymers and their derivatives 
have been discovered as exemplified in Figure 1.7. 
 
 
Figure 1.7. PPV and its derivatives for LED applications.67 
OLEDs have reached commercialization in recent years, for example, Pioneer had produced a 
car radio with an OLED Panel in 1997 with the first OLED TV released by Sony 10 years 
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later.
76
 
 
Due to the relatively high price of commercial OLEDs, research remains active in the 
conjugated polymers field to further improve the efficiency and fabrication of these products. In 
addition, the mode of action of OLEDs is closely related to that of photovoltaic (solar) cells 
which is briefly covered in the following section. 
1.4.2. Polymers for photovoltaic cells (PV) 
With an ever growing requirement to reduce the levels of Greenhouse Gas emissions, 
harnessing solar energy is one of the most promising renewable energy solutions. However, 
there are still many limitations which are related to the current silicon-based technology, such 
as the high costs of manufacturing the crystalline (inorganic) photovoltaic cells. 
 
In 1954, Chapin and co-workers
77
 produced the first inorganic p-n junction solar cell which 
converted solar radiation to electricity with 6% efficiency. Since this discovery, a continual 
improvement in crystalline silicon PVC design has resulted in devices that show up to a 25% 
conversion efficiency. However, crystalline silicon has poor mechanical properties when 
deposited on flexible substrates. Furthermore, raw material and production costs are still high, 
making them rather expensive.
78
 
 
Given the cost of crystalline silicon solar cells, scientists have attempted to exploit the potential 
of using organic materials in solar cells. There are three categories of organic photovoltaic cells, 
namely: small molecule,
79–82
 dye-sensitized
83–86
 and polymer based solar cells.
87,88
 Given the 
immense depth of research in this area the following section will only cover the basics of PVC 
design and touch upon a small selection of polymers that are currently showing promise in 
this field.  
 
A schematic of a basic bilayer type of PVC is shown in Figure 1.8. The cell is composed of two 
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thin films of semiconductor, n-type and p-type. When sunlight hits the p-type semiconductor, 
an electron is excited by the photon, which leads to the formation of an excited electron 
(exciton). If the exciton is in close proximity to the n/p type junction then the electron can move 
into the p-type region of the material, leaving a positively charged hole behind. Splitting the 
excitons into free electrons and holes results in a usable current being induced in the cell which 
can be used to do work.
19,89,90
 
 
 
Figure 1.8. Model of photovoltaic cells. 
One of the strategies for producing more efficient photovoltaic cells is to find a way to reduce 
the band gap between the n and p-type components of the cell. This can be achieved by different 
strategies.
91,92
 The material with highest LUMO level is called the donor and the semiconductor 
with the highest electron affinity the acceptor (Figure 1.6). After photo-excitation, the electron 
is transferred from the donor to the acceptor, as is shown schematically in Figure 1.9. By using 
this design rational, in 1986, Tang and co-workers selected a phthalocyanine residue as an 
acceptor (n-type) and a perylene derivative as a donor (p-type) respectively and successfully 
demonstrated charge dissociation using non-silicon, organic materials.
93
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Figure 1.9. Schematic energy diagram of two semiconductors with different LUMO levels. 
Partly due to the limited number of air-stable and soluble n-type (electron-transporting) 
polymeric semiconductors, the polymer photovoltaic field has primarily focused on combining 
p-type macromolecules with n-type small molecules such as fullerene derivatives.
94
 However, 
compared to polymers, the drawback of small molecules is clear. For example, they cannot 
contribute to the intrinsic mechanical properties of the PVC, and they are difficult to solution 
cast into homogeneous films. Thus further study into the synthesis of n-type polymers remains 
extremely important. 
 
One of the most interesting examples of n-type polymers used in PVCs was reported by Swager 
and co-workers.
95
 The group developed a series of water-soluble electron-accepting (n-type) 
conjugated polymers which are shown in Figure 1.10. These three conjugated polymers (1.24, 
1.25, 1.26) all exhibit high electron affinities (3.90-4.14 eV) as judged by their onset reduction 
potential using cyclic voltammetry. These values are comparable to the electron-affinity of both 
the fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) (4.2 eV) and 
polybenzimidazobenzophenthroline (BBL) (4.0 eV) which have both found widespread use in 
prototype organic photovoltaic cells (OPVC). The pyridinium rings are highly 
electron-withdrawing in nature and are responsible for producing the extremely low LUMO 
energies. In addition, the optical band gaps and HOMO/LUMO levels can be further tuned by 
producing co-polymers where the pyridinium units are separated by acceptor residues such as 
thiophenes (e.g. 1.26) resulting in a series of n-type polymers with varying electron affinities.
95
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Figure 1.10. Chemical structures of three n-type conjugated polymers produced by Swager and co-workers.95 
Four years later, Swager and co-workers successfully synthesized and characterized new 
conjugated crystalline-crystalline donor-acceptor block copolymers (1.38) based on their 
previous methodology. In terms of structure, regioregular poly(3-hexylthiophene) segments are 
used as the electron donor in these block polymers, with the poly(pyridinium phenylene) 
segments acting as the electron acceptor. The LUMO energy level of this block polymer 
estimated from cyclic voltammetry was 3.8-4.0 eV and it exhibited an ionization potential 
(HOMO energy level) of 5.1 eV. Notably, all these conjugated block copolymers are soluble in 
aprotic polar solvents, such as DMF and DMSO. In addition, they also display broad optical 
absorption bands extending close to the near-infrared region. This makes them desirable 
candidates for photovoltaic materials as their absorption bands match the frequency range of 
the solar spectrum. The synthetic route to these conjugated block copolymers are outlined in 
Scheme 1.1. This lengthy linear synthesis results in an overall yield of approximately 1.3%. 
Therefore, although these materials exhibit interesting properties, they are clearly not suited to 
large-scale production without significant optimization.    
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Scheme 1.1. Synthetic route to P3HT-b-PPymPh 1.38.95,96 
1.4.3. Organic Thin-Film Transistors (TFT) 
Field-effect transistors (FET) are devices which can use an electric field to control the 
conductivity of a material.
97
 This property is harnessed to produce the switches which are found 
in all electronic devices, for example, the Metal Oxide Semiconductor Field-Effect Transistor 
(MOSFET) the fast-acting switch which can be found in everything from radios to 
computers.
98
 Since the invention of the first practical semiconducting transistor by John 
Bardeen, William Shockley, and Water Brattain in 1947,
99
 the FET has have become a very 
widely used device within the semiconductor industry (Nobel Prize in physics, 1956). As 
discussed previously (sections 1.1 and 1.4.2), in contrast with silicon technology, some of the 
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benefits of organic thin film field-effect transistors (OTFTs) are lower material and fabrication 
costs.  
 
A typical TFT is composed of several components as shown in Figure 1.11: three electrodes 
(i.e., gate, drain, and source electrodes), a dielectric layer and a semiconducting layer. The 
current flow between the source and drain is controlled by the gate electrode. 
 
 
Figure 1.11. Basic schematic of a field-effect transistor.100 
One of the most significant parameters in characterizing a TFT is the efficiency of charge 
injection from the electrode, which is dependent on the fundamental characteristics of charge 
mobility and on/off ratio (the difference between the on-state current and off-state current).
101
  
 
Since the first report concerning OTFTs in 1986,
102
 their performance has improved 
significantly. This improvement has mainly arisen due to the increasing number of suitable 
p-type materials that have been synthesized, particularly pentacene,
46,103
 -sexithiophene48 and 
poly-3-hexylthiophene (as shown in Figure 1.4).
42–44,104
  
 
The primary requirement of n-type materials in working OTFTs is that they must have an 
electron affinity high enough to allow efficient injection of electrons into their empty LUMO. 
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Therefore, as with PVC and OLEDs discussed previously, there is a particular requirement to 
develop air-stable n-type organic semiconductors. To achieve this, it has been found that the 
addition of electron withdrawing groups (cyano, perfluoroalkyl etc.) to known p-type 
molecules results in electronic structures suitable for use in OTFTs. In 1998, Bao and 
co-workers
105
 produced an easily accessible n-type small molecule by introducing 
electron-withdrawing fluorine atoms to the perimeter of copper phthalocyanine. This small 
molecule exhibited an electron mobility of 0.03 cm
2
/V.s. Another example was reported by 
Facchetti et al,
106
 who introduced perfluorohexyl groups (C6F13) to oligothiophenes generating 
a novel material. (Figure 1.12)  
 
 
 
 
 
(1.39) F16CuPc
105
 (1.40) DFT-nT, n= 0, 0.5, 1, 1.5, or 2.106  
Figure 1.12. Structures of n-type semiconducting oligomeric materials which have been used in working OTFTs.  
Compared to the quantity of literature concerning small molecules, the literature on n-type 
semiconducting polymers for TFT application is very limited. One of the few examples was 
reported by Babel and co-wokers focusing on poly(benzobisimidazobenzophenanthroline) 
(1.41) and the corresponding poly(benzobisimidazobenzophenanthroline) (1.42) (Figure 
1.13).
62
 It was demonstrated that the field-effect mobility of electron in the polymer 1.41 was 
as high as 0.1 cm
2
 V
-1
s
-1 
in a solution cast film in air. However, the observed mobility of 1.42 in 
similarly fabricated films was only 10
-6
 cm
2
 V
-1
s
-1
.  
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Figure 1.13. Structures of n-type semiconducting polymeric materials which have been used in working OTFTs.  
1.4.4. Summary of organic semiconductor development 
Many electronic devices are comprised of both n-type and p-type materials. Whilst there has 
been significant progress in the synthesis and structural optimization of p-type polymeric 
materials, much less work has focused on the production of n-type polymers. However, the 
recent work by Swager and co-workers
95
 shows pyridinium based materials can act as n-type 
materials in working laboratory scale OLEDs and PVCs and therefore merit further attention. 
The following sections use selected examples from the literature to review the structure and 
properties of bipyridinium dications such as viologen and their introduction into the main 
chains of polymeric materials. 
1.5. Structure and properties of viologens 
Viologens (V) are disubstituted 4,4′-bipyridinium ions first reported by Michaelis 1933 (1.43, 
Scheme 1.2).
107
 They can undergo two one-electron transfer reactions sequentially to form 
firstly a radical cation and secondly a neutral quinoidal species (Scheme 1.2).  
 
Scheme 1.2. Electrochemical interconversion of 4,4ʹ-bipyridinium units between dicationic (1.43), radical cationic (1.44) 
and neutral, quinoidal forms (1.45). 
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Viologen radical cations are generally intensely colored, with high molar absorption 
coefficients. This is as a consequence of an intramolecular optical charge transfer process.
108
 
Further reduction of V
▪+ 
gives the neutral V
0
, which is weakly colored as there is no accessible 
assisted charge transfer or internal transition corresponding to the energy of light at a visible 
wavelength. The first reduction (V
2+ to 
V
▪+
) is highly reversible and generally proceeds without 
significant side reactions. However, depending on the R group, the second reduction can 
sometimes be irreversible as a consequence of the poor solubility of the neutral species.
108
 
The color can be tuned by varying the substituents on the nitrogen atom in the heteroaromatic 
ring (Table 1.1).
109
 This has resulted in the widespread use of viologen based structures in 
colour changing (electrochromic) devices. 
 
R group Native dication Radical cation 
Phenyl Reddish black Green 
p-cyanophenyl Olive Green 
alkyl Blue or bluish purple Green 
Table 1.1. colour of viologens with different R substituents.109  
1.5.1. Viologens in electrochromic devices  
Electrochromism (EC) is defined as an optical reversible colour change of a material by 
electrochemical oxidation and reduction in response to an electric field.
110
 The reversible 
redox properties and highly coloured oxidation states exhibited by viologen systems have 
made them prime candidates for use in electrochromic devices. Indeed, in 1973, the Philips 
Laboratories
111
 created an E.C display (ECD) based upon the heptyl viologen which exhibited 
extremely fast on/off response times (～10-50 ms) and could be cycled over 100,000 times 
between its coloured redox states.  
 
Whilst not a display device, the best-selling ECD is an automatic dimming rear view mirror 
used in many cars world-wide.
112
 Illustrated in Figure 1.14, this device contains an ITO-glass 
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front surface (anode) and a reflective rear metallic surface (cathode). These two layers are 
separated by a sub-millimeter gap, and form the two electrodes of the cell. The space between 
the electrodes is filled with a solvent containing a substituted viologen which serves as the 
cathodic-coloring electrochromic material and 9,10-dimethylphenazine (DMP) serves as the 
anodically coloring species. When a voltage is applied, the viologen undergoes a one-electron 
reduction to form the colored radical cationic species and migrates to the cathode. At the same 
time, the neutral electrochromic material DMP is oxidised at the anode. Once the dual 
elctrochromic coloration process has started, each product diffuses away from their respective 
electrodes and recombine in solution to regenerate the original colourless species. As a 
consequence of the continued recombination of the coloured species in solution, a continuous 
current is needed to maintain the dimming effect.  
 
 
Figure. 1.14. Schematic representation of the redox cycles (left) occurring within the Gentex’s NVS mirror (right).113 
Polymers with viologen groups in the main chain or as pendant side groups have also been 
studied in electrochromic devices. Polymers may offer considerable advantages over the low 
molecular weight structures described above in that they have intrinsic strength and cannot 
diffuse away from the electrodes. Therefore, once the coloured redox state has been achieved, 
it is not necessary to maintain a constant current to retain the colour.
114
 This „optical memory‟ 
could have significant advantages in designing low-power consumption mobile displays.  
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1.5.2. Polymeric viologen systems 
The first known viologen containing polymer was reported by Heinsohn in 1971.
115
 The 
polymer was produced by addition of 4,4'-bipyridine to an equimolar amount of 
dibromobutene (the Menschutkin reaction, scheme 1.3). 
 
Scheme 1.3. Poly(viologen) synthesized by Heinsohn.115  
Using a related method, Shimomura and co-workers
116
 have reported a series of 
poly(alkanediyl-viologen dibromide) by the addition of 4,4‟-bipyridine to the corresponding 
dibromoalkane in DMF at 60 °C. (Scheme 1.4) 
 
 
Scheme 1.4. The preparation of poly(alkanediyl-viologen dibromide).116  
In each of the previous polymer syntheses (Schemes 1.3 and 1.4), the nitrogen on the pyridine 
ring acts as the nucleophile in the polymerization reaction. However, there have been several 
synthetic methodologies developed where the nitrogen that forms the pyridinium ring acts as 
the nucleophilic species during the reaction. This is exemplified in the reaction between 
pyrylium salts (e.g. 1.51) and primary amines (Scheme 1.5). In this reaction, the pyrylium salt 
1.51 can be converted to ketone 1.54 which slowly converts to the pyridinium cation 1.55 
through loss of water. 
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Scheme 1.5. Mechanism of the synthesis of pyridinium salts from pyrylium salts and primary amines.117 
Conceptually, addition of diamines with a dipyrilium salt would produce an alternating 
co-polymer containing viologen salts. In practice, this reaction type has been shown to 
produce polymers containing „extended viologens‟, in which the two pyridinium rings of a 
typical viologen are separated by at least one additional aromatic ring (1.60). 
 
Scheme 1.6. Synthetic strategy of polypyridinium homopolymers.  
Using this synthetic strategy, several groups have synthesized and studied polypyridinium 
species.
118–121
 One series of polymers based on the extended viologen units was reported by 
Harries in 1999.
122
 In this case, a novel monomer, p-bis[4-(2,6-diphenylpyrylium)]benzene 
ditriflate 1.63 was prepared by cyclisation of the tetraketone 1.62 with triphenylmethanol and 
fluoroboric acid. The tetraketone was obtained by treating terephthalaldehyde with 4 
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equivalents of acetophenone in the presence of base. This divalent pyrylium salt 1.63 was 
then used as a monomer in a condensation polymerisation by the reaction with a diamine 
(Scheme 1.7). 
 
Scheme 1.7. Synthetic route to poly(pyridinium salt)s.122 
In the classic Menschutkin reaction (Scheme 1.3) the starting materials include the preformed 
pyridine ring. In contrast, the pyrilium reactions (Scheme 1.7) contains an activated monomer 
which undergoes nucleophilic attack by a nitrogen containing species. After loss of water, the 
pyridinium ion forms containing the nitrogen atom that originated in the nucleophilic species. 
In a related mechanism, it has long been established that substituted pyridinium containing 
species can be produced by the nucleophilic attack of an amine on pre-formed 
N-(2,4-dinitrophenyl) pyridinium salts. This class of reaction was first reported by Zincke in 
1904,
123
 and the N-(2,4-dinitrophenyl) pyridinium salts bear his name. The reaction can be 
considered as an amine exchange process that converts Zincke salts to another pyridinium 
species upon treatment with the appropriate aniline or alkyl amine. Although first reported well 
over 100 years ago, this versatile reaction is still undergoing extensive investigation to this day 
to improve the substrate scope and reaction yields.
124
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A recent example of this reaction was reported by Greenland and Colquhoun at al.,
125
 who used 
this reaction to produce a series of electron deficient viologen containing cyclophanes. In the 
selected example shown in the Scheme 1.8, macrocycle 1.67 was synthesised by treating the 
di(Zincke) salt 1.65 with aromatic diamine 1.66. 
 
 
Scheme 1.8. Synthesis of macrocycle 1.67. 
This unusual mechanism (Scheme 1.9) begins with nucleophilic attack of the primary amine on 
the N-2,4-dinitrophenyl-pyridinium salt 1.68, leading to the opening of the pyridinium ring 1.71. 
Then a second, intramolecular attack from the nitrogen atom expels 2,4-dinitroaniline 1.73 
whilst simultaneously, the konig salt
126
 (1.75a and 1.75b) forms. Either of these salts (1.75a and 
1.75b) can be converted to the intermediate 1.76 with 6-π electrocyclization. Finally, the 
desired pyridinium ion will be formed after proton transfer and amine elimination.  
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Scheme 1.9. Mechanism of Zincke reaction.127  
As shown in Scheme 1.8, the use of aniline derivatives in this reaction results in products that 
contain a viologen in conjugation to an aromatic ring, however, this reaction has not yet been 
used to make polymers.  
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1.6. Conclusion 
From the brief literature study present in this chapter it is clear that there is a pressing 
requirement to produce novel routes to n-type conducting polymers. The works by Swager
95,96
 
and Harries
122
 have demonstrated that pyridinium containing polymers can be synthesized and 
used in opto-electronics applications. However, the paucity of reports in this area seems to 
indicate that there is much scope for improving the synthesis and properties of these materials. 
Building on the work reported by Stoddart, Colquhoun, Greenland et al.
125
 (Scheme 1.8), this 
project will work towards the synthesis of novel, pyridinium-containing polymeric materials 
that contain all-aromatic, conjugated main chains. 
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Chapter 2 
 
Studies towards the synthesis of viologen containing polymers with fully conjugated main chains 
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2.1. Introduction and synthetic strategy 
From the survey of the literature presented in chapter 1, it is clear that there is a pressing need to 
expand the range of electron accepting, n-type polymers for use in electronic devices such as 
OLEDs, PVCs and OTFTs. The work by Swager (Scheme 1.1) and Harries (Scheme 1.6) have 
demonstrated that pyridinium-containing fully conjugated polymers exhibit suitable electronic 
properties to form n-type materials which have been shown to have potential in photovoltaic 
devices.
96,122
 
 
It is interesting that the number of structural variants of these pyridinium containing polymers 
remains very low, suggesting that there is a large degree of molecular space to explore to 
optimise their properties. One of the reasons for this may be the complexity of their synthesis. 
The literature contains many examples of pyridinium containing polymers constructed using 
the Menshutkin reaction. Unfortunately, this method is unsuitable for the synthesis of polymers 
with fully aromatic mainchains as the mechanism requires an SN2 type attack of the nitrogen in 
a pyridine ring on a methylene group  to a leaving group. This mechanism would not proceed 
if the reagent in the synthesis was an aryl or vinyl halide (Scheme 2.1). 
 
 
Scheme 2.1. Top reaction: Menshutkin reaction of 4,4'-bipyridine 1.44 with halomethyl aromatic 2.1, lower reaction: 
Proposed attempted synthesis of conjugated polymer with 4,4'-bipyridine 1.44 and halide 2.3 which would not lead to 
product formation (X = Cl, Br or I). 
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In the Swager synthesis of pyridinium containing polymers with fully conjugated mainchains, 
(Scheme 1.1) the key ring forming step is a late stage substitution reaction that occurs after the 
polymer is formed, and the total reaction scheme requires 8 steps. This methodology inherently 
not modular in nature and in order to produce a range of structural variants the entire synthetic 
route must be repeated.  
 
In contrast to the Swager route, the Harries method, which starts from the pyrilium ion uses a 
more conventional A + B condensation co-polymerisation to produce the targeted 
pyridinium-based polymers (Scheme 1.6). This method allows the co-monomer to be varied 
and permits more rapid production of a structurally related family of materials to be synthesized 
and studied. However, the reaction still required the synthesis of the pyrilium monomer (1.59), 
which requires two steps.  
 
There is an alternative methodology to create pyridinium-based systems that are directly 
connected to an aromatic residue through the use of the Zincke reaction, described in section 
1.5.1 (Scheme 1.9). Based on this methodology, Stoddart, Greenland and Colquhoun have 
shown that it is possible to prepare viologen containing macrocycles from the reaction between 
Zincke salts and aromatic diamines.  
 
In their work, it was found that the viologen-containing macrocycle 1.67 could undergo a 
one-electron reduction with various types of electron donors such as triethylamine (Scheme 
2.2). The effect of this reduction could be seen in the 
1
H NMR spectrum of the macrocycle 
and in the colour of the compound in solution. This is demonstrated in Scheme 2.2 (a) which 
shows the well-resolved 
1
H-NMR spectrum and yellow colour of the starting macrocycle 1.67. 
On addition of a small quantity of NEt3, the 
1
H-NMR spectrum changes dramatically 
accompanied by a change in the colour of the solution to green (b). Addition of an electron to 
the viologen group generates a paramagnetic radical cation. Paramagnetic species typically 
exhibit extensive line broadening in their 
1
H NMR spectra. In this instance the line 
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broadening occurs to such an extent that the proton signals for Ha to Hf are not observed. This 
shows that the single electron is delocalized over these 4 aromatic rings. However, the signals 
for Hg to Hj are still visible showing that the singlet electron is not able to delocalize over 
these rings, presumably as a consequence of the break in conjugation caused by the ether 
linkage. Addition of trifluoroacetic acid (TFA) essentially regenerates the 
1
H-NMR spectrum 
of the starting material with the loss of green colour. 
 
 
Scheme 2.2. 1H NMR spectra (298 K) of (A) macrocycle 1.67 alone (3.8 mM in CD3CN), (B) after addition of 
triethylamine (10 equiv), and (C) solution (B) after adding excess trifluoroaceticacid.125 
Using this work
125
 as a starting point, it is clear that removing the break in conjugation caused 
by the ether linkages in macrocycle 1.67 (Scheme 2.2), would produce systems whereby 
delocalization was possible over a larger number of aromatic rings and ultimately along an 
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entire polymer backbone. In general, we proposed that the π-conjugated bipyridinium 
containing polymers could be synthesized by condensation of aromatic diamine 2.4 with 
Zincke salt 1.65. (Scheme 2.3). The following sections show our initial efforts towards using 
the Zincke reaction to produce these fully conjugated polymers. 
 
 
Scheme 2.3. approach to the synthesis of polymer (2.5) by the Zincke reaction. 
2.2. Results and Discussion 
Prior to commencing complex synthetic work it was necessary to produce the key intermediate 
and well-known di-Zincke salt 1.65.
108
 This was achieved by treating the commercially 
available reagent 4,4'-bipyridine 1.46 with 1-chloro-2,4-dinitrobenzene 2.6 in anhydrous 
acetonitrile. After 9 days, the Zincke salt 1.65 was collected by filtration from the reaction 
mixture and washed with absolute ethanol, dried in vacuum to afford a 95% yield of product as 
a pale grey powder, which can be readily prepared on a multigram scale. 
 
Scheme 2.4. Synthesis of Zincke salt 1.65.128 
The 
1
H-NMR spectrum (Figure 2.1) of this material showed some coincidence of signals. Both 
the doublet at 9.40 ppm corresponding to proton Hb between the nitro groups on the 
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2,4-dinitrophenyl ring and the signal at 9.50 ppm indicative of the protons adjacent to the 
ammonium ions demonstrated the formation of Zincke salt 1.65. The 
1
H-NMR spectrum of the 
unpurified material showed it to be over 98% pure and it could therefore be used without further 
purification in the next reaction. A small quantity was purified via low temperature 
crystallization from acetonitrile with a drop of water to give yellow crystalline needles that 
exhibited a M.p. of 243-245 ˚C (Lit 250 °C).128  
 
Figure 2.1. 1H-NMR spectrum of Zincke salt 1.65. 
It was found that the structurally simplest and cheapest aromatic diamine that satisfies the 
criteria outlined in scheme 2.3 is benzene-1,4-diamine (2.7). Therefore, initial efforts to form 
conjugated polymers via the Zincke reaction were focused on the reaction of equimolar 
equivalents of di(Zincke) salt (1.65) and diamine (2.7) (Scheme 2.5) which yielded a black 
powder after work-up.  
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Scheme 2.5. Attempted to synthesis of polymer 2.8. 
Successful synthesis of high molecular weight polymer 2.8 would result in the formation of a 
highly symmetrical macromolecule with a very simple 
1
H-NMR spectrum: in particular, the 
1
H-NMR spectrum should be essentially three doublets (Ha', Hb' and Hc', see 2.8 in Scheme 2.5). 
However, the 
1
H-NMR spectrum of the product, obtained (Figure 2.2) was very complex with 
multiple signals. From this evidence, it seemed likely that the targeted high molecular weight 
material had not been produced. 
 
Figure 2.2. 1H-NMR (D2O, fully soluble) spectrum of the attempted synthesis of 2.8. 
It may be speculated that the attempted polymerization reaction did not go to completion. 
Therefore the isolated product would be a mixture of multiple small molecules such as those 
shown in Figure 2.3, From inspection of the structure for 2.9 it is clear that the protons on the 
terminal aromatic amine (Hh and Hj) are not chemically equivalent and may be expected to 
appear as doublets like those observed in the recorded spectrum (Figure 2.2). 
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Figure 2.3. Examples of proposed small molecules produced during the attempted synthesis of polymer 2.8. 
2.2.1. Verification of the structures of the products from initial 
polymerization reactions.129 
 
In order to test our hypothesis of incomplete reaction leading to multiple small molecules being 
produced during our initial polymerization reactions, it was decided to synthesize the simple 
and potentially useful diamine 2.9. This would allow us to to compare its spectrum with the 
complex spectra produced during the attempted synthesis of polymer 2.8. Aromatic diamine 2.9 
was synthesised by the procedure reported by Monk and Hodgkinson
129
 in 1999. This synthesis 
was accomplished by heating the Zincke salt 1.65 to reflux with 6 equivalents of 
benzene-1,4-diamine 2.7 in a mixture of ethanol and water (v/v 1:2) for 24h which produced 
symmetrical diamine 2.9 as a black powder in 81% yield. (Scheme 2.6)   
 
Scheme 2.6. Synthesis of 2.9 
Comparison of the spectra of symmetrical diamine (2.9) and Zincke salt (1.65) with the 
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previous 
1
H-NMR spectrum obtained from the failed polymerization reaction (Figure 2.2) 
showed that the polymerization product mixture contained at least 1.65 and 2.9. The two 
doublet resonances at 9.26 ppm and 8.67 ppm shown in Figure 2.2 are in good agreement with 
the signals exhibited by diamine 2.9 in Figure 2.4. In addition, two doublet resonance peaks at 
9.40 and 9.47 ppm in the spectrum of the attempted polymer synthesis correspond to the 
starting material, Zincke salt 1.65. (Figure 2.4) 
 
Figure 2.4. 1H NMR stack of “polymer 2.8” with diamine 2.9 and Zincke salt 1.65. 
The identification of these two compounds (1.65～31% and 2.9～43% of the total integral) in 
the spectrum of the attempted polymerization is important. It demonstrates that whilst 2.9 
contains two free aniline functionalities these potentially nucleophilic species did not go on to 
react with the remaining Zincke salt 1.65, even over the extended time periods used during the 
polymerization (3 days). This observation suggests the addition of one pyridinium unit to 
aromatic diamine reduces the nucleophilicity of the second NH2 residue so that polymerization 
cannot proceed (Figure 2.5).  
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Figure 2.5. Comparison of nucleophilicity of 2.7 and 2.19. 
 
This result would have significant impact on the design of our polymerization monomers so 
attempts were made to verify this conclusion experimentally. Indeed, very recent work by 
Zeghbib and Thelliere
124
 in 2016 has investigated the use of microwave assisted synthesis to 
increase the reaction rates of poorly nucleophilic amine residues in the Zincke reaction.  
2.2.2. Investigations into the change in nucleophilicity of the amine residues 
in dianiline 2.9 during polymerization. 
To investigate the potentially problematic reduction in nucleophilicity of amine residues in 
viologen containing diamine 2.9, a control experiment was conducted whereby Zincke salt 1.65 
was treated with 3 equivilants of diamine 2.9 for 2 days (ethanol, at reflux). Analysis of the 
1
H-NMR spectrum of this reaction (Figure 2.6) showed that no reaction had occurred, 
conclusively demonstrating that addition of Zincke salts to aromatic diamines can completely 
inhibit the nucleophilic nature of the remaining amine residue under these conditions.  
 
 
 
Scheme 2.7. Second exploratory experiment. 
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Figure 2.6. 1H-NMR spectra of the reaction between Zincke salt 1.65 and diamine 2.9 at time = 3 min (A) to time = 48 h 
(B). 
From the results of the previous two exploratory experiments concerning the change in 
reactivity of the amine residues in aromatic diamines, it was decided to investigate the potential 
of using a more electron rich aromatic diamine which it was hoped, would not suffer such a 
dramatic loss of reactivity during polymerization reactions. 
 
 
Scheme 2.8. Schematic of the proposed structure of the 2nd generation of monomer 2.11 to be used to produce 
conjugated pyridinium containing polymers 
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2.2.3. 2,5-Dimethoxybenzene-1,4-diamine 2.13.
130
 
A literature search revealed a seemingly straightforward synthesis of a dimethoxy substituted 
aromatic diamine (2.13, scheme 2.9) which would be expected to deliver an electron rich 
species suitable for polymerization. Thus, 2,5-dimethoxybenzene-1,4-diamine 2.13 was 
targeted for the next iteration of our synthesis of conjugated polymers. The synthetic strategy 
towards 2.13 is illustrated in Scheme 2.9.  
 
 
Scheme 2.9. The route to synthesis of 2,5-dimethoxybenzene-1,4-diamine 2.13. 
This literature procedure started from commercially available dimethoxy aniline 2.14 which 
was protected as the trifluoroacetamide under standard conditions. Introduction of the nitro 
group (2.16) was somewhat hindered by a propensity of the aromatic ring to over-nitrate. In 
order to avoid this, the temperature was strictly maintained at 0 ˚C for 15 min resulting in 2.16 
with a low but acceptable yield of 34%. Reduction of the nitro group in 2.16 to the amine 2.17 
proceeded well (64%) leaving the protecting group in place, which should be removed by 
treatment with NaBH4 to deliver our target intermediate 2.17. However, the deep purple 
product from the deprotection reaction did not have signals in its 
1
H NMR spectrum that 
exhibited either the relative integral or splitting pattern consistent with the formation of 2.13. 
On further reading, it appears that alkoxy substituted dianilines are unstable to oxidation even 
by air,
130
 presumably decomposing to quinone type moieties (Figure 2.7) which are known to 
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be deep purple/black in colour.
131
  
 
 
Figure 2.7. The structure of the proposed decomposition product from the deprotection of 2.17 quinone type moiety. 
2.3. Conclusion and Future work 
In this chapter, initial synthetic studies towards the synthesis of viologen containing polymers 
with fully conjugated main chains are reported. We describe an optimised multi-gram scale 
synthesis of the di-Zincke salt 1.65 which will be of key importance to this project. 
Investigations into the suitability of simple aromatic diamines such as benzene-1,4-diamine 
(2.7) to act as a co-monomer in the synthesis of the desired polymers were met with failure. 
This was demonstrated to be as a consequence of the initial addition of one of the amine groups 
on 2.7 to the Zincke salt resulting in a reduction of the nucleophilicity of the remaining amine 
residue which completely stopped the polymerization reaction. To overcome this limitation, 
diamine 2.13 which contained the electron rich methoxy substituents on the aromatic ring was 
investigated as a potential new co-monomer. Unfortunately, the synthesis of 2.13 proved to be 
non-trivial resulting in unstable products. Therefore it was decided to focus efforts on 
investigating the use of commercially available electron rich aromatic diamines as suitable 
co-monomers in the polymerization reaction. Moving away from unstable, non-commercial 
diamine residues as a starting material would greatly reduce the synthetic effort required to 
produce the targeted polymers. 
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Figure 2.8. Structure of one of the commercially available aromatic diamines (2.19) with electron donating groups.  
The following chapter details the use of diaromatic diamine 2.19 with Zincke salt 1.65 to 
produce a series of conjugated viologen containing oligomers (unimer 3.1, dimer 3.2 and 
trimer 3.3). 
 
 
Figure 2.9. Synthetic targets of unimer 3.1, dimer 3.2 and trimer 3.3.  
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Chapter 3 
 
Efficient access to conjugated bipyridinium oligomers using the Zincke reaction: Synthesis, 
spectroscopic and electrochemical properties. 
 
 
 
This chapter is based on the following published work: (Chen, L.; Willcock, H.; Wedge, 
C. J.; Hartl, F.; Colquhoun, H. M.; Greenland, B. W. Org. Biomol. Chem. 2016, 14, 
980.
132
). I synthesised all the molecules presented in this chapter and obtained and 
analysed all the characterisation data except the electron paramagnetic resonance (EPR) 
spectra. The EPR spectra were kindly measured and analysed by Dr. Helen Wilcock 
(Loughborough) and Dr. Chris Wedge (Warwick). 
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3.1. Introduction 
Bipyridinium residues are amongst the most intensively studied building blocks in 
supramolecular chemistry.
91,133,134
 They have found widespread application in molecular 
systems that exhibit controlled switching,
135–139
 rotational motion
140–142
 and potential for data 
storage.
143–146
 Many of these complex nanosystems harness the controllable electrochemical 
properties of 4,4ʹ-bipyridinium ions ("viologens") in either their synthesis or application.147 The 
reversible one- and two-electron reduction of 4,4ʹ-bipyridinium derivatives are accompanied by 
a dramatic change in the UV-vis absorption spectra of the materials, an effect which has been 
widely studied in the context of electrochromic devices.
135,148–150
 The colour of cationic 
bipyridinium residues is highly dependent on the electronic ground state energy of the molecule, 
which can be finely tuned by varying the substituents (Table 1.1).
108,109,151–153
  
 
There have been a number of studies concerning the synthesis of oligomers and 
polymeric materials containing 4,4ʹ-bipyridine units in the backbone. Typically, the 
electroactive 4,4ʹ-bipyridinium groups are separated by at least one methylene 
residue.
154–157
 This structural arrangement precludes electronic communication 
between the bipyridine groups.
158
 In addition, there have been several reports of the 
synthesis of so-called "extended viologens", whereby two pyridinium residues are 
separated by increasing numbers of aromatic rings (Figure 3.1).
118,159–168
 These have 
rapidly found widespread application in the construction of supramolecular 
complexes.
169–174
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Figure 3.1. Examples of "extended viologens": 3.4) p-phenylene extended Viologen,161 3.5), 
4’-(2,20-bithiophene-5,5’-diyl)bis(1-decylpyridinium)2+,162 3.6) p-phenylene-bis-4,4’- 
(1-aryl-2,6-diphenylpyridinium) .118 
There are also examples of (di)phenyl viologen structures in which the conjugation 
length has been extended by the addition of an aromatic residue to the N-termini of the 
viologen (Scheme 1.2, Table 1.1). Small molecules containing 4,4ʹ- or 
3,3ʹ-bipyridinium units,95,96,121,158,165,175–180 and polymers181 with 3,3ʹ-bipyridine 
residues have been shown to exhibit interesting conductivity properties in the solid 
state. (Figure 1.11) 
 
Previous work from the Colquhoun/Greenland team in this area has concentrated on 
the synthesis of 4,4ʹ-bipyridinium-containing macrocycles such as (1.67) (Scheme 3.1). 
A family of related compounds was synthesised by exploiting the Zincke reaction, in 
which the condensation of nucleophilic amines with N-(2,4-dinitrophenyl)pyridinium 
salts resulted in efficient access to N-substituted pyridinium residues.
125
  These 
macrocycles underwent one-electron reduction both chemically [e.g. by triethylamine 
(TEA)] and electrochemically, to yield the corresponding radical cations (1.67a).
125
  
The unpaired spin density was found to be delocalized over four aromatic/heterocyclic 
rings, but was prevented from more extensive delocalization by the break in 
conjugation as a consequence of the ether linkages in these macrocyclic systems. 
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Scheme 3.1. Reduction of dicationic macrocycle (1.67) to the radical mono-cation (1.67a) in which the unpaired electron 
is delocalized over the four aromatic rings highlighted in red. 
In this chapter, I report the syntheses and spectroelectrochemical analysis of a series of 
redox-active oligomers containing progressively increasing numbers of 
4,4ʹ-bipyridinium units, culminating in the synthesis of a hexa-cationic trimer 
containing twelve aromatic/heterocyclic residues. 
 
 
Figure 3.2. Structure of hexa-cationic trimer 3.3.  
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3.2. Results and Discussion  
3.2.1. Synthesis 
The synthetic route to the targeted oligomers started from Zincke salt 1.65, which can 
be readily prepared on a multigram scale as described previously (Scheme 2.4).
182
 
 
As 
an example of the efficiency of the Zincke reaction, the reaction of Zincke salt 1.65 
with dimethyl 5-aminoisophthalate 3.7 afforded unimer 3.1 in 93% (isolated) yield.  
 
Scheme 3.2. Synthesis of conjugated unimer 3.1. 
 
Figure 3.3. 1H-NMR spectra of compound 3.1 (in acetone-d6 containing 1% of TFA). 
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In comparison with the 
1
H-NMR spectrum of Zincke salt 1.65, the spectrum of 3.1 (Figure 3.3) 
lacks the doublet resonance peaks at 8.30 ppm corresponding to the 2,4-dinitrophenyl group 
(Figure 2.1) and contains the diagnostic singlet peak at 4.02 ppm of the methoxy groups. In 
addition, the 
13
C NMR spectrum of 3.1 shows a resonance at 166 ppm corresponding to the 
sp
2
 hybridised carbon in the ester groups.  
 
Having prepared the unimer 3.1, the next objective was the synthesis of the dimer 3.2. It was 
envisaged that this could be produced by the addition of mono-Zincke salt 3.8 to diamine 2.19 
as shown retrosynthetically in Scheme 3.3.  
 
Scheme 3.3. Retrosynthetic approachto dimer 3.2. 
In the forwards synthetic direction, the first step towards the formation of dimer 3.2 consisted 
of the formation of intermediate 3.8 (Scheme 3.4). The initial attempts to produce this 
compound (3.8) by treatment of Zincke salt 1.65 with dimethyl 5-aminoisophthalate 3.7 in a 
1:1 ratio produced poor results. Even after extensive purification by column chromatography 
and several recrystallizations, precursor 3.8 was obtained in a yield of only 3%. However, the 
1
H-NMR of the crude reaction mix suggested very good conversion to the desired product and 
therefore it appears that the poor yield was in a consequence of inefficient purification. 
 
Scheme 3.4. One step of the synthesis of precursor 3.8. 
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Due to the significant drawbacks of this „one pot‟ route to 3.8 (Scheme 3.4), efforts focused 
on attempting to find a higher yielding synthesis. In 2006, Harries, Helliwell et al.,
183
 reported 
the efficient synthesis (82%) of 3.10 (Scheme 3.5) by treatment of 4,4'-bipyridine with one 
equivalent of 1-chloro-2,4-dinitrobenzene. Inspired by this reaction, a new synthetic strategy 
was developed which is outlined in Scheme 3.5. 
 
 
Scheme 3.5. A second generation retrosynthetic approach to precursor 3.9. 
In the forward reaction scheme we planned to use the high yielding Harries
183
 synthesis to 
make the mono-substituted bipyridinium salt 3.10. Subsequent addition of 2.5 equivalents of 
dimethyl 5-aminoisophthalate would furnish 3.9 prior to addition of a single dinitrophenyl 
group to give the target compound 3.8. Whilst clearly a more lengthy synthesis than attempted 
previously (Scheme 3.4), it was hoped that the intermediates would prove to be more readily 
purified and therefore produce a higher overall yield of 3.8. 
 
Reaction of equimolar equivalents of 4,4'-bipyridine and 1-chloro-2,4-dinitrobenzene 
successfully give the pyridinium salt 3.10 in an excellent yield of 95% (Scheme 3.6).  
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Scheme 3.6. Synthesis of mono-substituted Zincke salt 3.10. 
After the successful synthesis of compound 3.10, our strategy required the substitution of the 
2,4-dinitrophenyl leaving group with the dimethyl 5-aminoisophthalate 3.7 stopper group. The 
diester 3.9 was obtained by reaction of compound 3.10 with a 14-fold excess of aromatic 
amine 3.7 using the conditions developed previously (Scheme 3.2). After recrystallization 
from water to THF, a light yellow powder was isolated in a very good yield of 94%. 
 
Scheme 3.7. Synthesis of diester 3.9 from 3.10. 
Subsequently, the mono Zincke salt, precursor 3.8, was produced through addition of 10 
equivalents of 1-chloro-2,4-dinitrobenzene to 3.9 under reflux in ethanol for 3 days at very high 
concentration (1.42 g/mL, Scheme 3.8). After cooling to room temperature, the precipitate was 
filtered and washed with 100 mL of THF to give the unsymmetrical target compound 3.8 in 59% 
yield and excellent purity (> 99% by 
1
H NMR). 
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Scheme 3.8. Synthesis of precursor 3.8. 
The success of this reaction was verified from analysis of the 
1
H-NMR and COSY spectra. 
Figure 3.4 shows the double doublet at 8.86 ppm that correspond to proton Hc between the nitro 
groups on the newly installed 2,4-dinitrophenyl group. In addition, the integral ratio between 
this double doublet (8.86 ppm) and the singlet for the methoxy group at 3.93 ppm was 1:6, 
which confirmed the successful synthesis of the precursor. 
 
 
Figure 3.4. 1H NMR spectrum of precursor 3.8 (D2O). 
The overall yield of this three step route (Scheme 3.5) to precursor 3.8 was 55 %, which is a 
very significant increase compared with the 3% yield achieved via the shorter route described 
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in Scheme 3.2. In addition, due to the straightforward purification and excellent purity of each 
compound, this multistep synthesis could reproducibly produce 10 g of the key intermediate 
3.8. 
 
The second oligomer in our series was then accessed through the condensation of two 
equivalents of 3.8 with the electron-rich aromatic diamine 2.19 to give dimer 3.2 in 
77% yield after ion exchange to form the tetrakis hexafluorophosphate salt (Scheme 
3.9). 
 
 
Scheme 3.9. Synthesis of conjugated dimer 3.2. 
 
Figure 3.5. 1H NMR (acetone-d6 containing 1% of TFA) spectrum of compound 3.2. 
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In contrast to unimer 3.1, each viologen moiety in 3.2 is in an asymmetric environment. Each 
viologen is attached to an electron poor diester substitute aromatic through one ammonium ion 
with an electron rich methoxy substituted aromatic at the other. Therefore, each viologen 
contains 4 distinct proton environments which are readily resolved by 
1
H NMR spectroscopy 
(Ha, Hb, Hc and Hd, Figure 3.5). In addition, the relative integral ratio of the 4 methoxy groups 
of the esters (4.0 ppm) and the two methoxy groups on the benzidine rings (4.03 ppm) is two to 
one as expected for the proposed structure of 3.2. In the electrospray mass spectrum of 3.2, the 
target species was observed as the doubly charged ion [(C54H46N4O10)
2+
]
 
at m/z = 454.1519 Da, 
in good agreement with the expected value of 454.1523 Da.  
 
With significant quantities of the mono-Zincke salt 3.8 in hand, the targeted trimeric 
viologen containing oligomer was produced in just two further synthetic steps (Scheme 
3.10). Initially, the reaction of three equivalents of diamine 2.17 with 1.65 gave 
diamine 3.11 (95%) which was converted smoothly to trimer 3.3 (72%) by reaction 
with two equivalents of the mono Zincke salt 3.9 which was isolated as its 
hexafluorophosphate salt after column chromatography.  
 
 
Scheme 3.10. Synthesis of conjugated trimer 3.3. 
The successful formation of 3.3 was confirmed by analysis of its 
1
H NMR spectrum and by 
ESI mass spectrometry. As expected, in comparison with the 
1
H-NMR spectrum of dimer 3.2, 
the spectrum of 3.3 (Figure 3.6) shows similar resonances. Crucially, the resonances at 4.02 
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corresponding to the 4 methoxy groups attached to the 2 benzidine residues and at 4.13 ppm 
for the 4 methoxy esters on the two end groups exhibit the same integral. The formation of 
trimer 3.3 also can be determined by mass spectrum, its parent-ion peak (C78H62N6O12)
2+ 
observed at m/z = 637.2210 (calculated for 637.2207).  
 
 
Figure 3.6. 1H NMR (acetone-d6 containing 1% of TFA) spectra of compound 3.3. 
With the successful synthesis of this series of compounds, attention was then turned to the 
investigation of their electrochemical properties.  
 
3.2.2. Chemically reversible redox studies on 3.1, 3.2 and 3.3  
 
Electronic absorption spectra of 3.1, 3.2 and 3.3 in dimethylformamide (DMF) are 
presented in Figure 3.7. The most significant difference between the spectra of 3.1, 3.2 
and 3.3 is the new absorption band of the dimer at ca. 380 nm, tailing into the visible 
region. The intensity of this band increases markedly with oligomer length. 
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Concurrently, the dominant UV absorption at ca. 300 nm shifts slightly to higher 
energy, as the absorbance maximum tends to shorter wavelengths with increasing 
length of the conjugation system. 
 
 
Figure 3.7. UV-Vis spectra of compounds 3.1, 3.2 and 3.3 in dimethylformamide (DMF, 0.2 mM) at 25 °C. Inset: 
Photograph of the compounds in DMF solution (0.2 mM). 
During our group‟s previous work on macrocyclic systems (Schemes 2.2 and 3.1) we 
had shown its ability to accept an electron from TEA which was then quenched by the 
addition of TFA. This redox cycling study was repeated on unimer 3.1 to gain an initial 
insight into the redox properties of this new family of oligomers.
125
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Figure 3.8. Chemical reduction (one-electron) and reoxidation of unimer 3.1 using TEA and TFA, respectively. The 
aromatic and heterocyclic rings highlighted in red indicate the region of unpaired spin density (not bond order). 1H 
NMR spectra and photographs of the samples: (A) unimer 3.1 in acetone-d6, (B) after addition of 10 equivs of TEA and 
(C) subsequent to addition of an excess of TFA to B. 
Figure 3.8(A) shows the 
1
H NMR spectrum of 3.1 and a photograph showing a 
colourless solution of the unimer in its native dicationic state. On addition of a small 
quantity of TEA, all the signals corresponding to the protons of the aromatic and 
heterocyclic rings disappear, as a consequence of the formation of a paramagnetic 
radical cation. The change in the 
1
H NMR spectrum is accompanied by a change in the 
colour of solution to green (B), which is characteristic of the formation of a radical 
cationic chromophore. Addition of a proton source (TFA), essentially regenerates the 
1
H-NMR spectrum of the starting material with the loss of green colour. 
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As expected, the other two oligomers also exhibit excellent one-electron chemical 
reversibility. Figure 3.9 and Figure 3.10 shows the changes in colour of 
1
H NMR 
spectra of dimer 3.2 and trimer 3.3, respectively. 
 
 
 
Figure 3.9. Chemical reduction (2  one-electron) and reoxidation of dimer 3.2 using TEA and TFA, respectively. The 
aromatic and heterocyclic rings highlighted in red indicate the region of unpaired spin density (not bond order). 1H 
NMR spectra and photographs of the samples: (A) dimer 3.2 in acetone-d6, (B) after addition of 10 equivs of TEA and 
(C) subsequent to addition of an excess of TFA to B. 
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Figure 3.10. Chemical reduction (3  one-electron) and reoxidation of trimer 3.3 using TEA and TFA, respectively. The 
aromatic and heterocyclic rings highlighted in red indicate the region of unpaired spin density (not bond order). 1H 
NMR spectra and photographs of the samples: (A) trimer 3.3 in acetone-d6, (B) after addition of 20 equivs of TEA and 
(C) subsequent to addition of an excess of TFA to B. 
In the case of the trimeric species, upon addition of excess triethylamine, all the signals 
corresponding to the protons of the aromatic and heterocyclic rings disappear, as a 
consequence of the formation of a paramagnetic tris(radical cation) (Figure 3.10B). 
This change in the 
1
H NMR spectrum is accompanied by a transformation in the color 
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of the solution to a deep green, which is characteristic of the formation of radical 
cationic chromophores of this type.
27
 However, the 
1
H NMR signals corresponding to 
the non-conjugated methoxy groups remain visible at ca. 3.8 and 4.0 ppm. Addition of 
TFA to the tris(radical cation), not only regenerates the original colour of the solution 
but also restores the missing signals in the aromatic region of the 
1
H NMR spectrum 
(Figure 3.10C). 
 
3.2.3. EPR Experiments 
 
The radical-cationic redox states of compounds 3.1, 3.2 and 3.3 were investigated by 
electron paramagnetic resonance (EPR) spectroscopy in acetone at room temperature. 
The EPR spectrum of 3.1
▪+
 centred at g = 2.0034(3) is characteristic of a viologen 
radical cation, showing well-resolved hyperfine splittings arising from a pair of 
equivalent 
14
N nuclei and multiple groups of equivalent 
1
H nuclei (Figure 3.11).
184,185
 
The bis(radical cationic) form of dimer 3.2 and the tris(radical cationic) form of trimer 
3.3 are also EPR-active. This indicates that the electron spins of the dimer biradical do 
not exclusively pair to form a diamagnetic singlet state, though a half-field transition 
characteristic of a triplet state was not observed. The EPR signal of 3.2
2(▪+)
 exhibits the 
same broad envelope as 3.1
▪+
, but the hyperfine structure is apparent only through 
weak shoulders. The EPR spectrum of 3.3
3(▪+)
 also has unresolved hyperfine shoulders, 
though the peak-to-peak linewidth has narrowed. The changes in spectral shape from 
unimer to dimer to trimer are characteristic of successive broadening of the hyperfine 
spectrum as may arise from increasingly rapid Heisenberg spin exchange or electron 
transfer processes.
186
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Figure 3.11. EPR Spectra of radical species generated from 3.1, 3.2 and 3.3 (1 mM) by addition of excess TEA in 
de-aerated acetone solution at room temperature. 
3.2.4. Cyclic voltammetry and Square wave voltammetry of 3.1, 3.2 and 3.3 
The electrochemical reductions of 3.1, 3.2 and 3.3 were studied by cyclic voltammetry 
(CV) at a polished glassy carbon disc electrode, using anhydrous DMF as solvent, 
containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as supporting 
electrolyte. Ferrocene was selected as internal reference (set to 0.0 V). Cyclic 
voltammograms for compounds 3.1, 3.2 and 3.3 are shown in Figure 3.12 and Table 
3.1.  
 
 
Figure 3.12 Cyclic voltammograms of 0.2 mM solutions of compounds 3.1, 3.2 and 3.3 at a glassy carbon disc 
(d = 2 mm) electrode in anhydrous DMF at v = 500 mV s-1. 
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Table 3.1 Cyclic voltammetric half wave potentials observed on a glassy carbon disc (d = 2 mm) electrode in anhydrous 
DMF at v = 500 mV s-1. 
 CV = 0.5 Vs
-1 
E1/2 
1
 (V) vs Fc/Fc
+
 
CV = 0.5 Vs
-1 
E1/2
 2
 (V) vs Fc/Fc
+
 
Unimer 3.1 -0.63 -0.84 
Dimer 3.2 -0.63 -0.92 
Trimer 3.3 -0.66 -1.06 
 
Two reversible one-electron cathodic waves for unimer 3.1 occur at E1/2 = -0.63 and 
-0.84 V vs Fc/Fc
+
.  
 
For dimer 3.2, two reduction waves was found at E1/2 = -0.63 and -0.92 V. The first 
reduction occurs at essentially the same potential as seen in the unimer 3.1 which 
indicates that the two viologen moieties in tetracationic dimer 3.2 are electronically 
independent. This may be as a result of a break in conjugation along the oligomer 
backbone caused by the presence of a twist between the central biphenyl rings and the 
viologen residues (Scheme 3.11) precluding efficient orbital overlap. In contrast, the 
second reduction potential of 3.2 is shifted significantly to a more negative value 
compared to that of 3.1 (ΔEp = 80mV). This difference can be attributed to increased 
electronic conjugation in the more planar bis(radical cationic) form of 3.2 generated at 
the first cathodic wave. 
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Scheme 3.11. The structures of the stable intermediates observed during the electrochemical interconversions of dimer 
3.2: bis(dicationic) - twist, bis(radical cationic)-plannar, and neutral, quinoidal forms (top to bottom respectively). 
Hexacationic compound 3.3 is reduced at only a slightly more negative potential than 
in 3.1 or 3.2 (E1/2 = -0.66 V, ΔEp = 100 mV). As observed for 3.2, all three viologen 
units in 3.3 are reduced to their corresponding radical cations at the same electrode 
potential, suggesting that the viologens are twisted with respect to the chain direction 
and are therefore electronically independent (Scheme 3.11). The cyclic voltammogram 
of 3.3 indicates a strong influence of adsorption phenomena at this scan rate (poorly 
resolved cathodic waves and diminished anodic counter-waves). The rather unusual 
second cathodic step which ultimately converts the tris(radical cationic) form of 3.3 to 
the neutral species, remains indistinct. 
 
Thus, to further investigate the electrochemical properties of these series of 
compounds, a set of square wave voltammograms (SWV) was acquired. For 3.1 and 
3.2, under the same condition as CV measurement, the SWV for both compounds 
showed two reduction events with their Ep values also in agreement with their E1/2 
values calculated by conventional CV (Figure 3.13).  
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Figure 3.13. Square wave voltammograms of 0.2 mM solutions of compounds 3.1 and 3.2 on a glassy carbon disc 
electrode in anhydrous DMF/0.1 M TBAPF6. 
However, under these conditions the SWV trimer 3.3 exhibited three distinct reduction 
events (signals A, B and C in Figure 3.14 and Table 3.2). Although the peak current of 
square wave voltammetry (SWV) signals can be influenced by solubility effects and 
molecular re-organisation during reduction, it would appear that reduction for the 
single central (signal b, Figure 3.14) and two terminal bipyridinium units (signal C, 
Figure 3.14) to the neutral, quinoidal species can, nevertheless, be resolved in this 
experiment. 
 
Figure 3.14 Square wave voltammogram of 0.2 mM trimer 3.3 on a glassy carbon disc electrode in anhydrous DMF/0.1 
M TBAPF6. 
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Table 3.2 Square wave voltammetric peak and cyclic voltammetric half wave potentials of trimer 3.3 observed on a 
glassy carbon disc (d = 2 mm) electrode in anhydrous DMF. 
SQW, f = 10 Hz 
Ep (V) vs Fc/Fc
+
 
CV, v = 0.5 V s
-1
 
E1/2 (V) vs Fc/Fc
+
 
-0.65 -0.66 
-0.93 - 
-1.05 -1.06 
3.2.5 Spectroelectrochemistry (SEC) investigation of unimer 3.1, dimer 3.2 
and trimer 3.3 
3.2.5.1. IR-SEC study 
In order to try to investigate the changes in the conjugated structure of these 
viologen-based molecules throughout the redox cycle infra-red spectroelectrochemistry 
(IR-SEC) was carried out on simple mono-viologen unimer 3.1 within an OTTLE 
cell
187
 (Figure 3.15). The voltage applied during the spectroelectrochemical experiment 
was monitored by thin-layer cyclic voltammetry and multiple IR spectra acquired over 
the course of the CV cycle. 
  
The IR spectra of the sample when the applied voltage would result in the 
predominance of the dicationic, cationic and neutral versions of 3.1 are shown in 
Figure 3.16. Formation of the viologen radical cation was accompanied by the 
appearance of a strong υ(C=C) band at 1639 cm-1 associated with this species.188 There 
was, however, negligible change in the wavenumber of the υ(C=O) band at 1734 cm-1 
arising from the terminal ester groups. This observation suggests that the ester groups 
are not significantly conjugated with the aromatic system (Figure 3.15), so that their 
influence on the reduction potential is only minor. Unfortunately, IR-SEC experiments 
with 3.2 and 3.3 were precluded by poor solubility of the reduced species in DMF at 
the high concentrations required to give reasonable absorbance values. 
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Figure 3.15. IR spectral changes accompanying the stepwise one-electron reduction of dicationic unimer 3.1 (blue, 1 
mM) to the corresponding radical cation (khaki) and then to the ultimate neutral form (purple) in anhydrous 
n-butyronitrile /0.1 M TABPF6 within an OTTLE cell
187. Solvent absorptions overload the detector between 1350 and 
1500 cm-1.  
3.2.5.2. Thin-layer UV-vis SEC study 
In order to study the redox-induced changes in electronic spectra of these systems (3.1, 
3.2 and 3.3), thin-layer ultraviolet-visible spectroelectrochemical (UV-vis SEC) 
measurements were carried out at 293 K with 0.2 mM 3.1, 3.2 or 3.3 in DMF/0.1 M 
TBAPF6. The observed spectral changes for all three species exhibit isosbestic points, 
excluding the possibility of side-reactions on the timescale of the experiment. All 
cathodic steps were fully reversible and the parent electronic absorption spectra were 
recovered upon reoxidation.  
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Figure 3.16. Reversible UV-vis spectral changes accompanying the stepwise 1e reduction of dicationic unimer 3.1 to the 
corresponding radical cation (spectrum A) and the neutral quinonoid form (spectrum B). Spectra recorded in 
anhydrous DMF/0.1M TABPF6, using an OTTLE cell.
187 
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Figure 3.17. Reversible UV-vis spectral changes accompanying the stepwise 1e reduction of tetracationic dimer 3.2 to 
the corresponding bis(radical cation) (spectrum A) and the neutral quinonoid form (spectrum B). Spectra recorded in 
anhydrous DMF/0.1M TABPF6, using an OTTLE cell.
187 
Figures 3.16 and 3.17 show the UV-Vis spectral monitoring of the electrochemical 
reduction of unimer 3.1 and dimer 3.2 at the two well-defined cathodic waves shown in 
Figure 3.12. Similar to the UV-SEC of its unimer homologue, the tetracationic species 
shows two absorption bands at 290 and 375 nm (Figure 3.17A). After completion of 
the first reduction step, the new absorption bands at 450, 600 and 715 nm are indicative 
of the bis(radical cation) (Figures 3.17A and 3.17B).
149
 Continuation of the cathodic 
sweep results in a second transformation in the electronic absorption spectrum due to 
formation of the neutral quinonoid form absorbing at 380 and 503 nm (Figure 3.17B). 
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Compared to unimer 3.1 and dimer 3.2, the spectrochemical response of trimer 3.3 is 
more complex, as might be expected from SWV data (Figure 3.14). Using a continuous 
scan process (Figure 3.18), the voltammogramme exhibits the same three stable states 
as observed in the SWV (Figure 3.14). Therefore, we attempted to analyse the UV/vis 
spectra of each state in order to further understand the electronic structure of each.  
 
 
Figure 3.18. Cathodic thin-layer cyclic voltammogram recorded in the course of the UV-Vis spectral monitoring of the 
three reductions (Table 1) of hexacationic trimer 3.3 (0.2 mM) in anhydrous DMF within an OTTLE cell187 at v = 0.2 
mV s-1 at room temperature. The potential scale is arbitrary (Ag wire pseudoreference electrode was used). 
Spectroelectrochemical (UV-vis) data for the four stable redox forms of trimeric 
species 3.3 were recorded at the reduction potentials corresponding to the three 
cathodic waves measured previously (Table 3.2).  
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Figure 3.19. Reversible UV-vis spectral changes accompanying the stepwise reduction of hexacationic 3.3 to the 
corresponding tris(radical cation) (spectrum A) and the mono(radical cation) (spectrum B) and the neutral quinoid 
form (spectrum C), recorded in anhydrous DMF/0.1M TABPF6 using an OTTLE cell.
187 
Conversion of the hexa-cationic species to the tris(radical cation) results in a spectrum 
similar to that observed for the analogous radical cation of 3.1 and bis(radical cation) 
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of 3.2, with absorption maxima at 450, 600, 650 and 715 nm (Figure 3.19A). 
Continued decrease in the applied cathodic potential results in the formation of a 
second stable species associated with absorption bands at 384 and 508 nm, which 
confirm the formation of fully reduced, quinoidal heterocycles. The absorption bands 
of the radical cation above 600 nm are diminished but still evident (Figure 3.19B). This 
spectrum is consistent with a mixed oxidation state species containing both radical 
cationic and quinoidal heterocyclic species. Further lowering of the applied potential 
delivers the final species with intense absorption bands and 385 and 510 nm and no 
significant absorption bands above 600 nm (Figure 3.19C), indicative of a fully 
reduced, neutral species. 
 
Figure 3.20 shows an overlaid plot of the UV/vis spectra of the four stable, 
spectroscopically distinct species in the redox cycle of 3.3. 
 
 
Figure 3.20. UV-vis spectral changes accompanying the stepwise reduction of hexacationic 3.3 to a neutral species. The 
change in intensity of the band at 515 nm associated with the formation of quinoidal bipyridinium residues occurs in 
the ratio 1:2 (arrows A and B respectively) during two-step reduction of the tris(radical cationic) form of 3.3 to the 
neutral species. 
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The most striking difference between the four spectra is the increase in the absorption 
band at 515 nm. When the molecule becomes reduced from the tris(radical cation) 
(green curve) to the mixed oxidation state (purple curve) system, the change of molar 
extinction coefficient (Ɛ) between these two states is 870 M-1cm-1 (Arrow A). This 
compares to a change in intensity of 1800 M
-1
cm
-1
 (Arrow B) when moving from the 
mixed oxidation state species (purple curve) to the fully reduced, neutral trimer (black 
curve). The ratio of the difference in Ɛ values is 1:2 respectively. These data suggest 
that the intermediate species, which is formed at approximately -0.9 V (Table 3.2), 
contains a single quinoidal bipyridinium species compared to the three quinoidal 
species present in the ultimate, neutral form of 3.3. Data from the SWV (Figure 3.14) 
and the UV-vis SEC (Figure 3.19 & 3.20) of 3.3, supported by thin-layer cyclic 
voltammetry carried out during the latter experiment (see Figure 3.18), prove that the 
reduction of all these bipyridinium groups to give the tris(radical cation), occurs by the 
addition of three electrons at the same potential (-0.65 V). However, the subsequent 
reduction of the tris(radical cation) to the neutral species occurs in a stepwise manner, 
by the addition of a single electron (at -0.93 V) followed by two electrons (at -1.05 V). 
This can be accounted for if the central bipyridinium radical cation is reduced first, 
followed by the two terminal radical cations (Scheme 3.12). 
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Scheme 3.12. The structures of the stable intermediates observed during the electrochemical interconversions of trimer 
3.3: tris(dicationic), tris(radical cationic), di(radical cationic) and neutral, quinoidal forms (top to bottom respectively). 
3.3. Conclusion 
This chapter has reported an efficient synthesis of 4,4ʹ-bipyridinium-based aromatic 
oligomers (3.1-3.3) and their spectro-electrochemical properties. Specifically, a 
controlled stepwise synthesis to produce single molecules with three 4,4ʹ-bipyridinium 
residues containing twelve conjugated aromatic/heterocylic rings has been developed 
for the first time. All the compounds undergo reversible stepwise two-electron 
reduction of each viologen residue.  
 
Combined results from CV and UV-vis SEC demonstrate that, in these three oligomers, their 
ground states are not planar, but the phenyl groups and viologen residues are likely to be out 
of plane (twisted) with respect to each other. During reduction to the radical cationic state, the 
second E1/2 tends to a slightly more negative value as the conjugation length increases.  
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Spectroscopically, the UV-vis SEC results for 3.3 demonstrated that the apparently more 
electron rich, central radical cationic bipyridinium moiety is reduced to a quinoidal, neutral 
form before the two terminal bipydinium units which appear comparatively electron poor. In 
support of this computational studies of related conjugated oligomers and polymers have also 
shown that those maxima for their HOMO/LUMO coefficients are found at the centre of the 
molecule.
189,190
 If then the highest occupied spin orbital (HOSO) of the tris(radical cation) 
form of 3.3 is also localised in the centre of the molecule then the central 4,4ʹ-bipyridinium 
would be reduced prior to the higher energy terminal radical cationic units. In addition, the 
UV-vis SEC measurements have hightlighted the potential of those new molecules to find 
application in display technologies where dramatic and reversible colour changes are required.  
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Chapter 4 
 
Synthesis, Characterization, and Electrochemical Behavior of 
Aromatic N-Substituted Viologens and Conjugated Oligo-Viologens 
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4.1. Introduction 
From the results presented in the previous chapter, it is clear that the Zincke reaction is an 
efficient way to synthesise 4,4ʹ-bipyridinium-based aromatic oligomers with up to 12 
conjugated aromatic rings (3.3). In each of the oligomers studied, the viologen residues were 
clearly observed to undergo two reversible reduction events. Within a functioning 
nano-machine (for examples see Figure 5.3 in chapter 5) or electrochromic device, it is the 
precise potential at which the systems exhibit redox switching that would be a key performance 
parameter.  
 
Within the extensive number of viologen species reported to date, there has been some 
attempt to investigate how the structure of the N-substituent affects the redox properties of the 
viologen. For example Arihara and co-workers studied a series of alkyl substituted viologens 
(i.e. Me, Et and Pr).
191
 They found slight negative shifts in the first and second reduction 
half-wave potentials of the viologen as the length of the alkyl chain increased. It was 
proposed that this was due to an increase in electron donating ability of the substituents as the 
alkyl chain lengthened.
148
 Perhaps as a consequence of the lack of efficient synthetic routes to 
aromatic N, N'-substituted viologen, there has not been a systematic structure/redox potential 
study produced concerning these materials. Such an investigation is important as these species 
are becoming more prevalent in a multitude of applications (see sections 1.51 and 5.1).  
 
Herein, we report the synthesis of a series of π conjugated viologen containing oligomers 
which contain aromatic residues with varying functional groups and substitution patterns (see 
below). The redox properties of this structurally related series of viologens are compared to 
evaluate the effect of substituents on electronic properties. 
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4.2. Results and Discussion 
4.2.1. Design 
Despite the huge number of different viologen-containing molecules studied, a systematic 
investigation concerning viologens with different end groups and oligomer length has not 
been made. The target viologen containing species are illustrated schematically in Figure 4.1.  
 
     
 
Figure 4.1. Schematic representation of target compounds: unimer, dimer and trimer. 
 
The design of these viologen species with different redox potentials requires ready access to 
mono-aromatic amines with varying electronic properties (e.g. containing electron 
withdrawing/donating groups or varying numbers of fused aromatic rings), which could be 
used as end groups (see Figure 4.2). The central, linking block unit must clearly be an 
aromatic diamine. It was known from our previous investigations (chapters 2 and 3) that 
electron rich aromatic diamines (like 3,3'-dimethoxybenzidine 2.19) or spatially separated 
amine groups (like 4,4‟-(1,3,4-oxadiazole-2,5-diyl)dianiline) are likely to be best suited to the 
construction of dimeric and trimeric viologen oligomers. With these design criteria in mind, a 
table of suitable starting materials was assembled which were all inexpensive and readily 
commercially available (Figure 4.2).  
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Figure 4.2. Structures of mono-aromatic amine end groups and aromatic diamine mid-blocks. 
4.2.2. Synthesis of a series of mono-viologen species with varying aromatic 
end groups  
Building on the synthetic strategy from the previous chapter, the synthesis of unimers 
4.10a-4.10h (Scheme 4.1, Table 4.1). started with Zincke salt 1.65 which was reacted with an 
excess of mono amine to deliver a series of structurally related aromatic N, N'-substituted 
viologens. Five of these viologens (4.10a, b, f, g) have been reported previously in the 
literature.  
 
Scheme 4.1. Synthetic strategy for unimers (4.10a-4.10h).  
Each monomer (4.10a to 4.10h) was synthesized in good yield (79-86%) under the same 
conditions demonstrating the utility of the reaction. Most products were pale yellow or orange 
in colour except the N,N-dimethylamino substituted viologen (4.10e) which was dark 
purple/black in solution. This is perhaps indicative of the extremely strong electron donating 
 75 
ability of the N,N-dimethyl functional group.
192
  
Table 4.1. Table showing the colour of the di-substituted viologens in acetonitrile-d3 (c. 5 mg/mL) and the yield of the 
unimers from 4.10a to 4.10h. 
Compound 
number 
Aromatic amine Colour of 4.10x Isolated yield 
4.10a
193
  
4.1 
 
93% 
4.10b
194
  
4.2  
95% 
4.10c  
4.3 
 
92% 
4.10d 
 
4.4 
 
79% 
4.10e  
4.5  
81% 
4.10ff
194
  
4.6  
96% 
4.10g
128
 
 
4.7 
 
87% 
4.10h 
 
4.8 
 
85% 
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4.2.3. Synthesis of a series of di-viologen oligomers with varying aromatic 
end groups  
Previously, dimer 3.2 was prepared by the reaction between two equivalents of the 
asymmetric viologen intermediate 3.8 (Figure 4.2) and one equivalent of 
3,3'-dimethoxybenzidine. However, to repeat this method to produce multiple diviologen 
oligomers with different endgroups would require the 3-step synthesis of an intermediate 
analogous to 3.8, each containing a different endgroup (see 3.8a where R = end groups 4.1 to 
4.8).  
 
  
Figure 4.2. Structure of viologen intermediate compound 3.8 used to synthesis dimer 3.2 and the generic structure of 
intermediate analogous 3.8a R = a to h (see Table 4.1).  
 
This non-modular synthesis would clearly be extremely time consuming, and so to speed the 
production of multiple dimers, the diZincke salt 4.12 was identified as a new intermediate, 
which could serve as the basis for the addition of multiple endgroups. The synthesis of 4.12 
started with the preparation of mono-Zincke salt 3.10 according to the method of Harries, 
Helliwell et al in 2006 (Scheme 3.6).
183
Compound 3.10 was then used in a double Zincke 
reaction with 3,3'-dimethoxybenzidine 2.19 in DMAc/water to yield 4.11 containing a central 
diphenyl unit and two terminal viologen residues in 80% yield as a yellow solid. Finally, 
treatment of 4.11 with an excess of 1-chloro-2,4-dinitrobenzene 2.6 in anhydrous methanol 
under nitrogen for 10 days gave the target compound 4.12. Gratifyingly, this key intermediate 
could be routinely produced on a 5 gram scale in just 3 steps without column chromatography. 
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Scheme 4.2. Synthesis of the key intermediate 4.12. 
 
The successful formation of 4.12 was confirmed by analysis of its 
1
H NMR spectrum in D2O 
(Figure 4.3). In comparison with the 
1
H-NMR spectrum of Zincke salt 1.68 (Figure 2.1), 4.12 
also exhibits the same characteristic double doublet at 9.42 ppm which corresponds to proton 
Hg between the nitro groups. This spectrum also contains the diagnostic singlet peak at 4.03 
ppm of the methoxy ethers in the core diphenyl group. The integral ratio between the double 
doublet (Hf) and signal for the methoxy group is 1:3, confirms the successful synthesis of the 
intermediate. 
 
Figure 4.3. 1H NMR spectrum of new intermediate 4.12 in D2O. 
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With multiple grams of 4.12 easily accessible, a series of dimeric viologen species (4.13a 
-4.13h) were obtained in one step by treatment with excess aromatic amines in water/ethanol 
at reflux (4.1-4.8, table 4.2, Scheme 4.3).  
 
 
Scheme 4.3. Synthesis of the series of dimers from 4.13a to 4.13h. 
Table 4.2. Table showing the colour of the di-substituted viologens in acetonitrile-d3 and the yield of the dimers from 
4.13a to 4.13h. 
Entry Aromatic amine Colour of 4.13x Isolated yield 
4.13a  
4.1 
 
95% 
4.13b*  
4.2 
n/d n/d 
4.13c  
4.3 
 
85% 
4.13d 
 
4.4 
 
90% 
4.13e*  
4.5 
n/d n/d 
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4.13f  
4.6  
87% 
4.13g 
 
4.7 
 
92% 
4.13h 
 
4.8 
 
95% 
*4.13b and *4.13e could not be isolated cleanly. n/d: not determined 
Each dimer could be isolated in good yield (>85%) by precipitation into EtOAc without need 
for further purification. This is exemplified for 4.13a for which the 
1
H NMR spectra of the 
precipitated material shows the singlets at 4.14 and 4.00 ppm of equal intensity which are 
indicative of the methoxy protons on the central core and terminal end groups respectively.  
 
Figure 4.4. 1H NMR spectrum of new dimer 4.12 in D2O. 
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4.2.4. Synthesis of tri-viologen oligomers with varying aromatic end groups  
Time constraints did not permit the synthesis of the full series of trimers containing each 
different class of endgroup (Figure 4.2). Therefore, it was decided to synthesise just the trimer 
containing electron donating dimethoxy-substituted endgroups (4.4, Figure 4.2). It was thought 
that this new trimer (4.16, Scheme 4.6) would serve as a good comparator to our previously 
synthesized trimer (3.3) which contained two ester (electron withdrawing) endgroups.  
 
Trimer 4.16 can obtained using the same method used to produce 3.3 (Scheme 4.4 and 4.5). 
To achieve this, the asymmetric viologen compound 4.15 was synthesised over two steps from 
3.10.    
 
Scheme 4.4. Synthesis of intermediate 4.15. 
Addition of 4.15 to the monoviologen, diamine core 3.11 resulted in the formation of the 
novel trimer 4.16 in 95% yield after 10 days reaction time. 
 
 
Scheme 4.5. Synthesis of trimer 4.16. 
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4.2.5 Synthesis of a di-viologen oligomer with 4,4'- (1,3,4- 
oxadiazole-2,5-diyl)dianiline as the central aromatic block.  
As a final challenge to our established synthetic methodology it was necessary to synthesise 
materials with a different central block unit (Figure 4.1 & 4.2). This would also allow the 
measurement of redox potentials for oligomeric species that did not include 
3,3'-dimethoxybenzidine (2.19) for the first time. As noted previously, 
4,4'-(1,3,4-oxadiazole-2,5-diyl)dianiline was identified as a suitable electron rich diamine to 
construct viologen oligomers. Gratifyingly, the synthesis of viologen dimer 4.17 proceeded 
smoothly by the addition of two equivalents of 3.8 and one equivalent of aromatic diamine 
4.9 to give the product in 41% yield after a single recrystallization from water. 
 
 
Scheme 4.6. Synthesis of dimer 4.17. 
 
The success of this reaction was verified from analysis of the 
1
H-NMR spectrum (Figure 4.5). 
This did not contain the signals which correspond to the 2,4-dinitrophenyl group at 8.21 ppm in 
the starting material (3.8). In addition, the observed 1:1 integral ratio between the doublet 
corresponding to the proton Hf 8.59 ppm and singlet Hg at 8.73 ppm is as expected for the target 
molecule. 
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Figure 4.5. 1H NMR spectrum of dimer 4.17 in D2O. 
4.3. Cyclic voltammetry and Square wave voltammetry 
The CV data for all the newly synthesized systems were obtained using the same conditions 
as described in chapter 3. The data for the monomeric and dimeric series of viologen 
compounds are presented first. The data is split into three sections to allow for the qualitative 
comparison between members of each series which vary by: i) the number of electron 
withdrawing residues on the end group, ii) the number of electron donating residues on the 
end group, iii) the number of fused aromatic rings; as set out in figure 4.2. This section 
concludes by combining all this CV data to produce a model for predicting the half wave 
potentials of viologen species with aromatic substituents containing varying substituents and 
substitution patterns. 
 
 83 
4.3.1.1. CV data for monomeric and dimeric viologen species with varying 
numbers of ester residues on the end group 
Figure 4.5 presents CV and SWV voltammograms for monomeric and dimeric viologen 
species with varying numbers of ester residues on the end groups. Each of these molecules 
exhibit two distinct reversible redox events. The E1/2 values were measured by taking the 
average of the forward and reverse peak potential, and are listed in Table 4.3. 
Electron Withdrawing Groups  
 
  
CVs of unimer 3.1 and 4.10a SWVs of unimer 3.1 and 4.10a 
  
  
CVs of dimer 3.2 and 4.13a SWVs of dimer 3.2 and 4.13a 
Figure 4.5. Cyclic voltammograms and squarewave voltammograms of 0.2 mM of unimer 3.1 and 4.10a; dimer 3.2 and 
4.13a at a glassy carbon disc (d = 2 mm) electrode in anhydrous DMF at v = 500 mV s-1. 
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Table 4.3. Cyclic voltammetric halfwave potentials observed on a glassy carbon disc (d = 2 mm) electrode in anhydrous 
DMF at v = 500 mV s-1. 
 CV = 0.5 V s
-1 
E1/2 
1
 (V) vs Fc/Fc
+
 
CV = 0.5 V s
-1 
E1/2
 2
 (V) vs Fc/Fc
+
 
Unimer 3.1 -0.630 -0.840 
Unimer 4.10a -0.583 -0.794 
Dimer 3.2 -0.629 -0.921 
Dimer 4.13a -0.619 -0.900 
 
The unimers and dimers containing a single ester on the endgroups (4.10a and 4.13a, 
respectively) underwent each reduction step at less cathodic potentials than the corresponding 
monomer and dimer which contained two ester residues on their endgroups (3.1 and 3.2 
respectively). From inspection of the half wave values, this cannot simply rationalised by the 
number of electron-withdrawing substituents on the molecule, but it is also dependent on the 
substitution positions of the ester on the aromatic endgroups.  
4.3.1.2. CV data for monomeric and dimeric viologen species with varying electron 
rich end groups 
Figure 4.6 summarises the CV and SWV data for the monomers 4.10b-e and dimers 4.13c and 
4.13d. Each of these contains endgroups with varying degrees of electron-rich substituents. 
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Electron Donating Groups 
 
  
CVs of unimer 4.10b, 4.10c, 4.10d and 4.10e SWVs of unimer 4.10b, 4.10c, 4.10d and 4.10e 
  
  
CVs of dimer 4.13c and 4.13d SWVs of dimer 4.13c and 4.13d 
Figure 4.6. Cyclic voltammograms and squarewave voltammograms of 0.2 mM of unimer 4.10b, 4.10c, 4.10d and 4.10e; 
dimer 4.13c and 4.13d at a glassy carbon disc (d = 2 mm) electrode in anhydrous DMF at v = 500 mV s-1. 
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Table 4.4. Cyclic voltammetric half-wave potentials observed on a glassy carbon disc (d = 2 mm) electrode in anhydrous 
DMF at v = 500 mV s-1. 
 CV = 0.5 V s
-1 
E1/2 
1
 (V) vs Fc/Fc
+
 
CV = 0.5 V s
-1 
E1/2
 2
 (V) vs Fc/Fc
+
 
Unimer 4.10b -0.705 -1.026 
Unimer 4.10c -0.689 -1.041 
Unimer 4.10d -0.654 -0.931 
Unimer 4.10e -0.770 -1.107 
Dimer 4.13c -0.669 -1.046 
Dimer 4.13d -0.660 -0.976 
 
As expected, all the monomeric and dimeric viologen species within this series exhibited two 
distinct reversible redox behaviours. The first and second half wave potentials of these 
monomers and dimers (4.10b-e and 4.13c-d) all occur at more cathodic potentials than 
observed for the systems containing electron withdrawing groups (Table 4.3). This 
demonstrates that the presence of the electron donating endgroups serves to increase the 
energy required to reduce the viologen species when compared to the energy required to 
reduce the ester containing compounds. However, within the series of methoxy substituted 
viologen molecules, the molecule containing two methoxy groups (4.10d) is easier to reduce 
than either of the monomethoxy species (4.10b and 4.10c). Therefore, the reduction potential 
trend is not simply related to the number of electron withdrawing/donating groups, but clearly 
also dependent on the substitution pattern of the endgroups.  
4.3.1.3 CV data for monomeric and dimeric viologen species with varying 
numbers of fused aromatic rings residues on the end group 
CV data for the third series of monomeric and dimeric viologen containing endgroups with 
varying numbers of fused aromatic rings is presented in Figure 4.7 and Table 4.5. 
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Number of Benzene rings 
 
  
CVs of unimer 4.10f, 4.10g and 4.10h SWV of unimer 4.10f, 4.10g and 4.10h 
  
  
CVs of dimer 4.13f, 4.13g and 4.13h SWV of dimer 4.10f, 4.10g and 4.10h 
Figure 4.7. Cyclic voltammograms and squarewave voltammograms of 0.2 mM solutions of unimers 4.10f, 4.10g and 
4.10h; and dimers 4.13f, 4.10g and 4.13h at a glassy carbon disc (d = 2 mm) electrode in anhydrous DMF at v = 500 mV 
s-1. 
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Table 4.5. Cyclic voltammetric halfwave potentials observed on a glassy carbon disc (d = 2 mm) electrode in anhydrous 
DMF at v = 500 mV s-1. 
 CV = 0.5 V s
-1 
E1/2 
1
 (V) vs Fc/Fc
+
 
CV = 0.5 V s
-1 
E1/2
 2
 (V) vs Fc/Fc
+
 
Unimer 4.10f -0.664 -0.946 
Unimer 4.10g -0.664 -0.991 
Unimer 4.10h -0.664 -0.981 
Dimer 4.13f -0.679 -0.996 
Dimer 4.13g -0.664 -1.007 
Dimer 4.13h -0.659 -0.996 
 
As can be seen in Table 4.5, the first reduction potential for each of these species (4.10f-h and 
4.13f-h) is relatively invariant (approximately -0.66V) and falls approximately between the 
average of the first half wave potential for the electron-withdrawing (-0.61 V) and 
electron-donating series of molecules (-0.70 V).  
4.3.1.4. Summary of half wave potentials for all of the monomeric and dimeric 
viologen species. 
Figure 4.8 summarizes the first and second E1/2 values measured for the 9 unimers. There is a 
considerable change in first (-0.583 to -0.770 V) and second (-0.794 to -1.107 V) reduction 
potentials across the series approximately progressing from systems with highly electron 
withdrawing substituents to those with more electron donating substituents. It is clear, 
therefore, that there is qualitative relationship between the nature of the endgroups and the 
half wave potential of the viologen reduction potentials. This is explored in more detail in the 
next section. 
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Figure 4.8. Plot showing these two half wave potentials of unimers with various substituted end groups, obtained from 
CV experiments. 
Figure 4.9 summarizes the first and second E1/2 values shown for the dimers. There is a 
relatively small change in first reduction potentials (-0.619 to -0.679 V). However, the 
observed redox properties of this system exhibit a slightly different trend when compared to 
the relationship in the monomeric system (Figure 4.8). From inspection of the dimeric 
structures, this may be rationalised by considering that the central block unit also affects the 
redox potentials in the dimeric species. Therefore, the reduction potential trend in the dimeric 
system is not simply related to the nature of the endgroups, but also depends on the central 
block units.  
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Figure 4.9. Plot showing two half wave potentials of dimers with various substituted end groups, obtained from CV 
experiments  
4.3.2. Correlation of pKb values with half wave potentials (E1/2) of viologen 
species having aromatic groups containing varying substituents. 
Estimates for the reduction potentials of viologen based species have been made using data 
from SEC-UV/vis spectra used in conjunction with the Nernst equation.
195,196
 However, these 
methods are frequently experimentally complex and time-consuming. Therefore, we were 
keen to explore the possibility of using easy and non-computationally intensive methods to 
estimate the electron donating ability of the endgroups and mid-blocks. This may also enable 
the prediction of the reduction potentials of these aromatic substituted viologen species. For 
substituted aromatic systems, the electron-donor character of the structure can be estimated 
using Hammett parameters. However, these empirical values do not work for otho substituted 
aromatic species, and therefore cannot be used to approximate all of our systems (e.g. 4.10c 
and 4.13c).  
 
In contrast to Hammett parameters, pKb values could be used to give an approximate value for 
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the electron donating ability of the starting aromatic amines. Fortunately, pKb values can now 
be easily estimated using one of many online tools, for example, the ACE and JChem acidity 
and basicity calculator. (https://epoch.uky.edu/ace/public/pKa.jsp) This tool has been 
validated and used by many researchers to estimate the pKa and pKb values of molecules.
197–
199
 Using this program, the pKb values of the nitrogen of the aniline (shown in Figure 4.2) 
were calculated and are presented in Table 4.6. 
Table 4.6. pKb values of N atom in each starting aromatic amine calculated using the ACE and JChem acidity and 
basicity calculator. 
Aromatic amine 
pKb values  
(ACE and JChem acidity  
and basicity calculator) 
3.7 1.30 
4.1 2.70 
4.2 5.10 
4.3 4.40 
4.4 3.50 
4.5 6.10 
4.6 4.60 
4.7 4.10 
4.8 4.00 
 
The half wave potentials for each monomeric viologen (Figure 4.8) were plotted as a function 
of the calculated pKb value (Table 4.10). It can be seen that the correlation is essentially linear 
(R
2
 = 0.8). The negative slope of the plot shows that monomers containing more basic 
(electron-donating) amine endgroups are more difficult to reduce.  
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Figure 4.10. Plot of the pKb of N atom of each aromatic amine against the corresponding half wave potentials of 
unimers. 
Although there is a smaller variation in E1/2 values across the series of dimers produced, we 
were interested to see if the relationship between pKb and E1/2 values extended to these more 
complex molecules. Inspection of the dimer structures shows that the viologen in each dimer 
is connected to the midblock through one pyridinium nitrogen and to the end group through 
the outermost pyridinium ion. Therefore we decided to average the pKb for the amine on the 
midblock (pKb = 4.3) and end group (Table 4.6) to provide an estimate for the combined 
electron donating ability of the substituents at either end of the viologen (Table 4.7).  
Table 4.7. The average pKb values of N atom in each starting aromatic amine and central block unit which were 
calculated by ACE and JChem acidity and basicity calculator. 
Dimer Aromatic amine 
Average pKb values of central and terminal units 
(ACE and JChem acidity  
and basicity calculator) 
3.2 3.7 2.85 
4.13a 4.1 3.55 
4.13c 4.3 4.40 
4.13d 4.4 3.95 
4.13f 4.6 4.50 
4.13g 4.7 4.25 
4.13h 4.8 4.20 
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Plots of experimentally determined first and second E1/2 values for the dimers as a function of 
the average pKb value are shown in Figure 4.11. In this case, a weaker (R
2 ≈ 0.72) but still 
linear correlation was observed for both the two E1/2 values against the pKb. This correlation 
shows the same relationship between pKb values with E1/2 values as unimers, where lower 
average pKb values result in less cathodic E1/2 values.  
 
  
Figure 4.11. Plot of the average pKb against the corresponding half wave potentials of dimers. 
 
Although not exact, the correlation between pKb (or average pKb) values and E1/2 potentials 
holds for even structurally complex systems. Therefore this result will enable the prediction of 
E1/2 values for viologen species prior to their synthesis. This could be of great use in 
designing systems that are to be used in nano-machines,
200,201
 ECD
135,149,150
 and in 
catalysis.
202–205
  
4.3.4 CV data trimeric viologen species with different end groups 
To provide a structural contrast to the ester terminated series of viologens presented in chapter 
3, unimer 4.10d and dimer 4.13d and trimer 4.16 are terminated with electron-donating 
functionalised aromatic rings, as shown in Figure 4.12.  
 
 94 
 
Figure 4.12. Structures of unimer 4.10d and dimer 4.13d and trimer 4.16. 
  
CVs of 4.10d, 4.13d and 4.16 SWV of dimer 4.10d, 4.13d and 4.16 
Figure 4.13. Cyclic voltammograms and squarewave voltammograms of 0.2 mM compounds 4.10d, 4.13d and 4.16 at a 
glassy carbon disc (d = 2 mm) electrode in anhydrous DMF at v = 500 mV s-1. 
Table 4.8 Cyclic voltammetric half wave potentials observed on a glassy carbon disc (d = 2 mm) electrode in anhydrous 
DMF at v = 500 mV s-1. 
 CV = 0.5 V s
-1 
E1/2 
1
 (V) vs Fc/Fc
+
 
CV = 0.5 V s
-1 
E1/2
 2
 (V) vs Fc/Fc
+
 
Unimer 4.10d -0.654 -0.936 
Unimer 3.1 -0.630 -0.840 
Dimer 4.13d -0.664 -0.981 
Dimer 3.2 -0.629 -0.921 
Trimer 4.16 -0.674 -1.051 
Trimer 3.3 -0.660 -1.060 
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Figure 4.13 shows the CVs and SWVs of the series of compounds containing two electron 
donating methoxy residues on the terminal endgroups (4.10d, 4.13d and 4.16, respectively). A 
similar trend was observed during the reduction from the radical cationic species to quinoidal 
forms as was seen in the series 3.1, 3.2, 3.3 (chapter3): as the oligomer chain length increases, 
the second E1/2 tends to move to a more negative value (Table 4.8). Comparison of the first 
and second E1/2 for each unimer (4.10d and 3.1), dimer (4.13d and 3.2) and trimer (4.16, 3.3) 
shows that the oligomer that contained electron withdrawing ester groups underwent each 
reduction step at less cathodic potentials than the corresponding oligomers which contained 
two electron donating methoxy residues. This may be accounted for by considering the pKb 
values of the amine endgroups. The pKb for 3.7 (diester) was calculated to be 1.3 in 
comparison to 4.4 (dimethoxy) which was calculated to be 3.5. Even within these structurally 
large systems, the clear, if qualitative relationship between pKb and E1/2 still holds. 
 
Notably, the redox behaviour of trimer 4.16 is different to that observed for trimer 3.3 (with 
ester endgroups). In trimer 3.3 (Section 3.2.5.2) the tris(radical cation) is reduced to the 
neutral species in two discrete steps. In contrast, the three radical cationic viologens in the 
tris(radical cationic) trimer 4.16 are reduced to their neutral forms at essentially the same 
potential. This may be attributed to the similar pkb values of the aniline residues on the 
midblock (pKb = 4.3) and end block (pKb = 3.5). This results in the two terminal viologens 
and the central viologen species being in very similar electronic environments. (Scheme 4.7).  
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Scheme 4.7. The structures of the stable intermediates observed during the electrochemical interconversions of trimer 
4.16. 
4.3.5 CV data for trimeric viologen species with a different central, block 
unit 
As a final investigation in our series of oligomers, it was important to study the effect of 
changing the central unit, by measuring the redox potentials of viologen dimer 4.17.  
 
Figure 4.14. Structures of dimer 4.17 and dimer 3.2 with the central block units highlighted. 
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Prior to investigating the properties of the novel dimer, it was important to understand the 
electrochemical properties of the central block unit (Figure 4.14). 1,3,4-Oxadiazoles have 
been widely used as an electron transport materials or in the emitting layers of 
electro-luminescent devices. Therefore, structures of this type have been thoroughly studied 
during the last few decades. In 1996, the electrochemistry of 2,5-diphenyl-1,3,4-oxadiazole 
(4.18) was investigated by spectroelectrochemistry, cyclic voltammetry and 
EPR-spectroscopy. It was found that the first reduction is reversible, whereas the second 
reduction is irreversible due to decomposition of the central heteroaromatic ring.
206
  
 
 
Figure 4.15. Structure of 2,5-diphenyl-1,3,4-oxadiazole (4.18). 
Figure 4.14 shows the CV of 2,5-bis(4-aminophenyl)-1,3,4-oxadiazole 4.9. In agreement with 
the electrochemical data reported for related compounds (see above), the first reduction is 
reversible. However, the second, irreversible reduction occurs at a significantly more negative 
value (- 2.5 V) than that of the second reduction potential of a typical viologen residue (c. -0.9 
V see Figures 4.8 and 4.9), therefore the decomposition of the central block should not be a 
problem when investigating the dimer 4.17.  
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Figure 4.14. Cyclic voltammograms of 0.2 mM 4.9 at a glassy carbon disc (d = 2 mm) electrode in anhydrous DMF at v = 
500 mV s-1. 
Figure 4.15 shows the CVs and SWVs of dimers 4.17 and 3.2; their half wave potentials are 
presented in Table 4.10.  
    
  
CVs of dimer 4.17 and 3.2 SWV of dimer 4.17 and 3.2 
Figure 4.15. Cyclic voltammograms and square wave voltammograms of 0.2 mM compounds 4.17 and 3.2 at a glassy 
carbon disc (d = 2 mm) electrode in anhydrous DMF at v = 500 mV s-1. 
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Table 4.10. Cyclic voltammetric halfwave potentials observed on a glassy carbon disc (d = 2 mm) electrode in 
anhydrous DMF at v = 500 mV s-1. 
Dimer 4.17, SQW, f = 10 Hz 
Ep (V) vs Fc/Fc
+
 
Dimer 3.2, SQW, f = 10 Hz 
Ep (V) vs Fc/Fc
+
 
-0.590 -0.630 
-0.810 - 
-0.900 -0.920 
 
Under the same conditions, a square wave voltammogram of dimer 4.17 was acquired. Three 
distinct reduction events were resolved (signals A, B and C in Figure 4.15 and Table 4.10). 
Comparison of the Ep values of dimer 3.2 and 4.17 suggests the sequence of reduction steps 
for dimer 4.17 begins with the one-electron reduction for both viologen moieties (-0.59). The 
second process may be followed by the reduction of the mid-block unit (-0.81 V) before the 
final reduction of bis(radical cationic) viologens residues at -0.90 V to generate an ionic 
species that contains a negative charge (Scheme 4.8). 
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Scheme 4.8. The structures of the stable intermediates observed during the electrochemical interconversions of dimer 
4.17. 
4.3. Conclusion 
In this chapter, a series of 4,4ʹ-bipyridinium-based aromatic oligomers with different 
end groups or core groups have been synthesised and their electrochemical properties 
were investigated. As expected, all the compounds undergo reversible stepwise 
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two-electron reductions of each viologen moiety. Comparison of all of the unimers and 
dimers (Figure 4.8 and 4.9) shows a strong correlation between the half wave 
potentials and pKb values of the amine residues of the endgroups: higher endgroup pKb 
values increase the energy required to reduce the viologen species. The identification 
of this correlation over a broad range of aromatic end groups will allow the E1/2 value 
of unmade systems to be predicted before synthesis.  
 
In addition, this work has shown that the Zincke reaction can be used to synthesise 
dimers with different mid-blocks (e.g 4.17). CV and SWV data for this dimer 4.17, 
reveal three reversible redox processes. We propose that the first reduction occurs at 
the viologen residues forming the bis(radical cationic) state. The second event may be 
followed by the reduction of the middle block unit before the final reduction of 
bis(radical cationic) viologen residues to generate an ionic species that contains a 
negative charge. 
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Chapter 5 
 
Synthesis, and electrochemical behaviour of a [2] pseudo-rotaxane incorporating the novel 
cyclophane: cyclobis(paraquat-p-m-terphenylene) 
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5.1. Introduction 
Supramolecular chemistry harnesses non-covalent interactions between multiple 
molecules to assemble them in specific orientations in 3 dimensional space.
207–210
 A 
key feature of supramolecular interactions is that they are reversible in nature. They 
can assemble and disassemble multiple times without damaging the molecules that 
compose them.
211,212
 This property means that they can respond to an external stimulus 
e.g. heat or light.
213,214
 By altering the strength and orientation of the supramolecular 
interactions it is possible to change the properties of the material.
215
 This process can 
produce materials with high value properties that cannot be easily made with 
conventional, covalently assembled materials.
216
 
 
One of the most well studied supramolecular interactions in supramolecular chemistry 
is hydrogen bonding,
217
 which can bring smaller molecules together to generate 
self-assembled polymers.
218–221
 Typically, single hydrogen bonds are not strong 
enough to yield thermally stable self-assembled structures.
222,223
 To overcome this 
deficiency, significant effort has been focussed on increasing the binding strength 
between residues by producing systems with multiple complementary hydrogen 
bonds.
224–235
 Based on this design, in 1997, the Meijer group synthesised 
2-ureido-4[1H]-pyrimidinone (UPy) (Figure 5.1).
236
 The UPy residue contains 4 
complementary hydrogen bonds, and has become one of the most widely studied 
supramolecular systems developed to date. This self-complementary, quadruply 
hydrogen bonded system exhibits a binding energy of 42 kJ mol
-1
, which means it 
self-associates at room temperature to form a dimeric system in solution (Figure 
5.1).
237
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Figure 5.1. Supramolecular polymers based on ureido-pyrimidinone (UPy) end-groups. 
Over recent years, numerous other non-covalent interactions have been built into 
supramolecular systems, such as cation–π interactions,238 anion-π interactions,239 π–π 
interactions,
240
 etc. Of particular importance to this chapter is the π- π interaction 
which occurs between aromatic rings where one is relatively electron rich and one is 
electron poor. The classic example of this is the complex formed between 
cyclobis(paraquat-p-phenylene) (CBPQT
4+
) 5.4
241
 and 1,5-dialkoxy naphthalenes 5.5  
(Scheme 5.2).  
 
Scheme 5.1. Sythesis of cyclobis(paraquat-p-phenylene) 5.4.241 
 
Scheme 5.2. π–π interactions between cyclobis(paraquat-p-phenylene) 5.4 and 1,5-dialkoxy naphthalene 5.5.242 
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This system has been thoroughly investigated by the Stoddart group, amongst others.
242
 
Their work has primarily focused on the construction of mechanically bonded systems 
including pseudorotaxanes,
242
 rotaxanes,
243–246
 catenanes
247–249
 which have distinct 
features and topology as shown in Figure 5.2.  
 
Figure 5.2. Schematic representation of a [2] pseudorotaxane, a [2] rotaxane and a [2] catenane. 
As the synthesis of mechanically interlocked systems has progressed, it has been possible to 
produce supramolecular systems with two (or more) stable states (Figure 5.3). Through 
careful design it is possible to switch the system between these two stages in response to an 
external stimulus.  
 
Figure 5.3. MSTJ devices fabricated by Stoddard from the amphiphilic bistable [2] rotaxane 5.6, the control dumb bell 
compound 5.7, and the simple control, eicosanoic acid 5.8, which consists of a molecule monolayer of the [2] rotaxane 
sandwiched between polycrystalline Si and metallic electrodes. This device can be switched reconfigurably and cycled 
repeatedly between ON and OFF states. 250 
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This results in a molecular-level system that can be thought of as being in an „ON‟ (1) or 
„OFF‟ (0) state. The group have used this concept to produce systems that have the potential 
to act as molecular memory. Indeed, the Stoddart group developed a family of “molecular 
electronic devices” by using bistable rotaxanes. This work contributed towards the award of 
the Nobel Prize in 2016. 
 
Although CBPQT
4+
 5.4 has become one of the most widely studied cyclophanes in 
supramolecular chemistry it is susceptible to degradation from many common reagents. 
For example, under basic conditions, or in the presence of a multitude of nucleophiles, 
deprotonation of, or nucleophilic attack on, the benzylic methylene group leads to a 
number of rearranged and ring-opened products.
251,252
 This hinders the range of 
chemistries that can be carried out on systems containing 5.4.  
 
In an effort to produce more chemically stable viologen-containing cyclophanes, 
previous work by Stoddart, Greenland and Colquhoun has concentrated on the 
synthesis of 4,4ʹ-bipyridinium-containing macrocycles such as 1.67, 5.9, 5.10 and 5.11 
(Figure 5.4) which were all synthesised by exploiting the Zincke reaction (Scheme 
1.8).  
 
Figure 5.4. Structures of four chemically stable macrocyclic diarylbipyridinium salts reported by Stoddart, Greenland 
and Colquhoun.125 
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The macrocycles were shown to be stable to a range of common bases and 
nucleophiles including pyridine, sodium methoxide, triphenylphosphine, and 
tetra-N-butylammonium iodide.
125
 
 
Macrocycle 1.67 was also shown to bind the electron-rich guest molecule 5.5, (Scheme 5.3) as 
revealed by the significant upfield complexation shifts of the proton resonances corresponding 
to the 4,4ʹ-bipyridinium unit in the macrocycle (up to 0.22 ppm).  
 
Scheme 5.3. Assembly of a [2] pseudorotaxane based on macrocycle 1.67 and guest species 5.5.125 
The binding properties of the complex 1.67⊃5.5 were investigated by 1H NMR spectroscopy. 
It was found that the binding constant of this 1:1 complex in CD3CN is 17±1 M
-1
, which is 
approximately 130 times lower than the 1:1 complex of bis-viologen containing receptor 
CBPQT
4+
 5.4 with the same electron rich guest species 5.5 (2220±240 M
-1
).
125,242
 It was 
proposed that the difference in binding properties of 5.4 and 5.5 could be related to the 
number of viologen groups in the macrocycle and subtle changes in cavity diameter (5.4: 
6.8Å, 1.67: 8.2Å).  
 
This previous work by Colquhoun and co-workers has shown that di-viologen type 
cyclophanes can be synthesized which do not contain the sp
3
 hybridised carbon, resulting in 
more chemically stable systems than 5.4. However in each example produced to date the 
macrocycle contained ether linkages (Figure 5.4) resulting in a break of conjugation in the 
reduced, radical-cationic ring systems. Synthesising macrocycles that are fully conjugated in 
this state may open prospects for new and exciting redox responsive electronic properties. 
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This chapter reports the syntheses of a new fully π conjugated receptor containing two 
viologens and details its electrochemical and binding properties with electron rich 
1,5-dialkoxy naphthalenes.  
5.2. Results and Discussion 
To meet the above criteria it was first necessary to design the aromatic diamine that 
would link the two viologens in the macrocyle. Previous computational design in the 
Colquhoun group has shown that the m-terphenylene diamine 5.17 has the correct 
nitrogen to nitrogen separation (c. 7.3 Å) to produce a cavity suitable for the inclusion 
of electron rich aromatic species. (Figure 5.5)  
 
 
 
Figure 5.5. Energy minimised structure with selected N to N bond length of m-terphenylene diamine 5.15 using 
ChemBio 3D. 
Synthesis of the aromatic diamine 5.15 was achieved by two steps in good overall yield 
(ca. 66%). Firstly, a dinitro intermediate (5.14) was synthesised by the reaction 
between of one equivalent of 1,3-dibromobenzene 5.12 and two equivalents of 
3-nitrophenyl boronic acid 5.15 under typical Suzuki conditions.
253
 Subsequently, the 
nitro groups were reduced to amino (5.15) using polymethylhydrosiloxane (PHMS) as 
the hydrogen source according to the procedure outlined by Rahaim, and Maleczka in 
2005 (Scheme 5.4).
254
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Scheme 5.4. Synthesis of aromatic diamine 5.15 over two steps.253,254 
A four-component macrocyclization reaction was then carried out by condensation of Zincke 
salt 1.65 with 5.15 in a 1:1 ratio under high dilution conditions at 45 °C for 5 days (Scheme 
5.5). After ion exchange with NH4PF6, the product 5.16 was isolated by precipitating into a 
mixture of acetonitrile: acetone (10:90, v/v) in modest yield (10%) but excellent purity (over 99% 
by 
1
H NMR, Figure 5.6).  
 
Scheme 5.5. Synthesis of fully conjugated π-conjugated macrocycle 5.16. 
 
 110 
 
Figure 5.6. 1H-NMR spectrum (acetonitrile-d3) of macrocycle 5.16.  
Crystals of 5.16 suitable for X-ray analysis were grown by slow vapour diffusion of acetone 
into acetonitrile solution. The solid state structure (Figure 5.7) shows a box-like confirmation 
with two viologen units and two m-terphenyl residues. There is a 57.8° torsional twist angle 
between the two pyridinium rings of each viologen units, the bond angle of viologens with 
their associated m-terphenyl units is 53.4°whilst the torsion angle between the central and 
outer rings in the m-terphenyl units are both 33.6° (crystallographic mirror plane). In addition, 
the internal cavity of tetracationic macrocycle 5.16 (ca. 7.4 Å) is in good agreement with that 
predicted (Figure 5.5) and therefore the new macrocycle should be suitable to bind to electron 
rich aromatic derivatives. 
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Figure 5.7. Single-crystal X-ray structure of tetracationic macrocycle 5.16·4PF6 in the solid state. 
5.2.1. Binding studies of receptor 5.16 with π-electron rich 
1,5-dioxynaphthalene derivatives. 
The binding between viologen containing macrocycles and π-electron rich systems has 
formed the basis of supramolecular molecular chemistry for several decades. As a 
demonstration of the utility of our new macrocycle we selected the known dialkoxy 
naphthalene 5.19
255 
 as a simple starting point for our complexation studies. In addition to 
increasing the solubility of the naphthalene residues, it has been suggested that the oligoether 
groups can form hydrogen bonds with the relatively acidic protons on the pyridinium rings 
which assists complex formation.
256,257
 
5.2.1.1. Synthesis of 1,5-dialkoxy naphthalene 5.19. 
Following the procedure described by Basu and Stoddart et al. in 2011,
255
 reaction of 3 
equivalents of monotosylated tetraethylene glycol 5.18 with 1 equivalent of 
1,5-dihydroxynaphthalene 5.17 successfully generates the simple 1,5-dialkoxy naphthalene 
5.19 in an excellent yield 85% (Scheme 5.6). 
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Scheme 5.6. Synthesis of 1,5-dialkoxy naphthalene 5.19.255 
5.2.1.2. 
1
H-NMR binding studies of 5.19 to macrocycle 5.16. 
In order to study the host/guest binding, it was decided to assume the stoichiometry of this 
complex is 1:1, so the association constant of dialkoxy naphthalene 5.19 to receptor 5.16 
could be determined by a 
1
H NMR titration (Figure 5.8). This was achieved by the addition of 
increasing quantities of dialkoxy naphthalene 5.19 to a fixed concentration tetracationic 
macrocycle 5.16 in CD3CN. As the concentration of the guest (5.19) increased there was a 
small but discernable upfield shift in the position of the resonances for the protons on the 
bipyridinium units. This suggests complex formation between the macrocycle and the guest. 
As shown in Figure 5.8, the protons on the viologens (Ha and Hb) shift downfield at low 
concentrations of guest, but then move upfield as the concentration of the guest increases 
further. These changes in chemical shift position with concentration of guest are not typical of 
the behaviour observed in related π-π stacked complexes.125,242 Although the reason for this is 
not clear, perhaps the macrocycle is undergoing as form of self-association in the absences of 
guest molecules, which is disrupted when the guest is added. However, protons Hf and Hh did 
exhibit a continuous downfield change in chemical shift value as a function of guest 
concentration and by fitting this data with “Bindfit”,(http://app.supramolecular.org/bindfit/) 
the binding constant was determined to be 140±34 M
-1
.
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Figure 5.8. 1H NMR (400 MHz) titration of guest species 5.19 against macrocycle 5.16 (2mM) in CD3CN at 298 K. Molar 
ratios of host and guest are shown.  
5.2.1.3. 
1
H-NMR binding studies of 5.22 to macrocycle 5.16. 
As the binding between tetracationic macrocycle 5.16 and the diol 1NP 5.19 was 
relatively weak, it was decided to try to design a more strongly bound complex. It is a 
well-studied phenomenon in supramolecular chemistry that increasing the number of 
complementary binding interactions in a single complex increases the association 
constant (Figure 5.1). To achieve this for the macrocycle 5.16 required the design and 
synthesis of molecule containing multiple π-electron rich residues. Inspired by the 
synthesis of previous oligomers of this type the new trimer, 3NP, (5.22 in scheme 5.7) 
was produced in two steps from the previously obtained guest 5.19.255  
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Scheme 5.7. Synthesis of the π-electron rich trimer 3NP 5.22 from precursor 5.19. 
5.2.1.4. Binding properties of 5.16 and 5.22 in acetonitrile  
The properties of the new complex were investigated by 
1
H NMR spectroscopic 
studies to establish the binding constant. This was done using the same titration 
methodology as used to determine Ka for 5.16⊃5.22 (Figure 5.9) by adding increasing 
quantities of the π-electron-rich guest molecule 3NP (5.22) to a fixed concentration of 
5.16 in CD3CN. (Figure 5.9)  
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Figure 5.9. 1H NMR (400 MHz) titration of guest species 5.22 against macrocycle 5.16 in CD3CN at 298 K. Molar ratios 
of host and guest are shown. 
The proton resonances of 5.16 clearly show significant complexation induced shifts with 
increasing concentrations of 5.22. Close examination of the titration shows complex behaviour 
however. In isolation, the signals for Ha and Hb appear at 9.27 and 8.64 ppm (a separation of 
0.63 ppm). At equimolar concentrations of 5.16 and 5.22, the separation of Ha and Hb in 
increased (0.08 ppm) resulting in an upfield shift for protons Ha and a downfield shift for 
protons Hb. However, over the remainder of the titration both signals exhibit ring current 
shielding from the guest resulting in overall upfield shifts of 0.08 and 0.22 ppm, for Ha and Hb 
respectively over the course of the titration. In addition, the signal for Hh which is pointing 
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towards the guest into the interior of the macrocycle exhibits a small but measurable downfield 
change in chemical shift value over the course of the titration. This suggests that these protons 
are in the ring current deshielding region of the guest molecule, exactly as would be predicted 
for a "threaded" host-guest complex.  
 
If the binding stoichiometry of complex (5.16⊃5.22) was assumed to be one to one, the 
binding constant was calculated to be 153±26 M
-1
 using the program Bindfit
258
 as assessed
 
from the change in chemical shift exhibited by Hh. In addition, comparison of the 
1
H
 
NMR 
titration studies between the 5.19 (Figure 5.8) and 5.22 (Figure 5.9) against the cyclophane 
5.16 supports this calculation: at similar relative concentrations the complexation induced 
shifts for Ha and Hb were 0.01 and 0.05 ppm which are considerably smaller than that observed 
for 5.16⊃5.22 (0.08 and 0.22 ppm). This observation suggests that increasing the number of 
electron rich naphthalene units does indeed increase the binding constant for the complex. 
This may be accounted for if 5.16⊃5.22 forms an intertwined structure in a similar manner to 
that seen by the Stoddart group using (CBPQT
4+
) 5.4 as the π-electron poor cyclophane.255 
5.2.2. Chemically reversible redox studies on macrocycle 5.16. 
After having successfully obtained the pure macrocycle and studied its binding to 
π-electron rich guests, it was important to study its chemically reversible redox 
properties. Reversible redox properties are important in determining if this new class of 
macrocycles may be amenable to being used in switching systems (Figure 5.3).  
 
As described previously for the oligomeric systems reported in this thesis (unimer 3.1, 
dimer 3.2 and trimer 3.3) and the unconjugated macrocycles investigated previously 
(Figure 5.4),
125
 we first investigated the formation of radical cationic species formed 
by the addition of triethylamine (TEA). Figure 5.10(A) shows the 
1
H NMR spectrum 
of an orange solution of macrocycle 5.16, which exhibits clearly resolved signals in the 
aromatic region (7.5 to 10.0 ppm). Upon addition of TEA, all the signals corresponding 
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to the protons of the aromatic and heterocyclic rings disappear, as a consequence of the 
formation of a paramagnetic bis(radical cation) (Figure 5.10B). This change in the 
1
H 
NMR spectrum is accompanied by a change in colour of the solution to deep green, 
which is characteristic of the formation of radical cationic chromophores of this type 
(Table 1.1).
109
 Addition of excess of TFA to this system, led to recovery of the original 
color of the solution and the 
1
H NMR signals of parent 5.16 (Figure 5.10C). Their 
slight upfield chemical shift may be a result of the influence of the change in solvent 
polarity caused by the addition of TEA and TFA species. 
 
 
Figure 5.10. Chemical reduction of macrocycle 5.16 to the paramagnetic bis(radical cation) using TEA and reversible 
reoxidation with TFA monitored by 1H NMR spectroscopy and corresponding colour changes. The aromatic and 
heterocyclic rings highlighted in red indicate the region of the spin density in 5.162+ (not bond order) (A) macrocycle 
5.16 in acetone-d6, (B) after addition of 20 equivs of TEA and (C) subsequent addition of an excess of TFA to B. 
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5.2.3. Cyclic voltammetry and square wave voltammetry of 5.16 
The electrochemical reduction of 5.16 was studied by cyclic voltammetry (CV) at a polished 
glassy carbon disc electrode, using anhydrous acetonitrile as solvent containing 0.1 M 
tetrabutylammonium hexafluorophosphate (TBAPF6) as supporting electrolyte. Ferrocene was 
again selected as internal reference (Set to 0.0 V).  
  
 
 
Figure 5.11. Cyclic voltammograms and square wave voltammogram of 0.2 mM compound 5.16 at a glassy carbon disc 
(d = 2 mm) electrode in anhydrous acetonitrile: A) 1st reversible reaction at v = 1.5 V s-1, B) 2nd not fully reversible 
reaction at v = 0.5 V s-1 and C) square wave voltammogram. The arrow indicates the scan direction from the initial 
potential. 
From the CV of macrocycle 5.16 it is apparent that the first reduction/oxidation couple 
corresponding to the formation of bis(radical cationic) residues is quasireversible in nature 
(E1/2 = -0.56 V vs Fc/Fc
+
, Figure 5.11A and Figure 5.11B). In contrast, the large difference in 
current flow for the second redox couple corresponding to the transformation of the 
 119 
bis(radical cationic) species to its neutral form (E1/2 = -0.75 vs Fc/Fc
+
) shows this couple is 
not fully reversible (Figure 5.11B). The peak-to-peak separations for these two waves are 50 
and 130 mV, respectively. Indeed, during this experiment, the second reduction to form the 
fully reduced viologen species (2V
0
) leads to some precipitation, which accounts for the sharp 
appearance of this reduction wave (-0.82 V).  
 
Between the two major re-oxidation waves there is a small but observable anodic peak at 
-0.636 V) which perhaps could be attributed to precipitation or decomposition phenomena.  
 
SWV was carried out on 5.16 under the same conditions as used for CV measurements. The 
two reduction waves (Ep = -0.54 and -0.77 vs Fc/Fc) are of different intensities, confirming 
that precipitation is interfering with measuring the complete CV for this new macrocycle.  
5.2.4. Electromechanical behaviour of 5.16 ⊃ 5.22. 
In 1994 Smith and co-workers studied the CV of CBPQT
4+
 (Scheme 5.1, 5.4) in the 
presence of various guest molecules including ethoxy ether substituted benzenes.
259
 
They were able to observe significant shifts (20 mV) in the first oxidation and 
reduction potentials of the viologens in the macrocycle as a function of the quantity of 
the guest.  
 
Prior to starting extensive CV studies of our most strongly bound complex (5.16 ⊃ 5.22) it was 
important to determine the redox properties of the guest 3NP (5.22) on its own. As can be seen 
from Figure 5.12, that 5.22 exhibits two irreversible oxidation oxidation waves (E =0.79 and 
1.05 V vs Fc/Fc
+
) as found for related structures.
260
 The two signals can be accounted for by 
inspection of the structure of 5.22 that has a central naphthalene unit with two electron donating 
alkoxy substituents whereas the two terminal naphthalene residues have only one electron 
donating alkoxy substituent each. Therefore, these two distinct naphthalene environments are 
oxidised to their respective radical cations at distinct oxidation potentials.  
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Figure 5.12. Cyclic voltammograms of 0.2 mM compound 5.22 at a glassy carbon disc (d = 2 mm) electrode in 
anhydrous acetonitrile at v = 500 mV s-1. The arrow indicates the initial potential sweep.  
Comparison of the CVs of the macrocycle 5.16 and guest 5.22 (Figure 5.13) show that 
their oxidation potentials are distinct, with their redox activities occurring at negative 
and positive potentials respectively. Therefore, studying the redox behaviour of the 
macrocycle in the presence of the guest will not result in inconvenient coincidence of 
signals.  
 
Figures 5.13A and 5.13B show the redox behaviour of the macrocycle 5.16 in the 
presence of increasing quantities of guest. The addition of the guest does not alter the 
irreversible nature of the second redox couple. Addition of 10 and 20 equivalents of 
guest 5.22 to the host 5.16, results in significant changes in the E1/2 and current flow 
for the redox waves observed for the viologen groups. For example, the peak current of 
the anodic sweep from neutral form to bis(radical cationic) species decrease 
significantly (3.07×10
-5
A), on increasing addition of guest molecule. This 
demonstrates a reduction in the diffusion rate of the system
261
 which is indicative of 
the increase in size of the complex compared to the molecular volume of the starting 
macrocycle.  
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Furthermore, upon adding 20 equiv. of 5.22 to the system, the first reduction wave 
moves to an even more negative value, E1/2 = -0.563 mV (E1/2 = 8mV compared to 
5.16), but also broadens. In addition the peak-to-peak separation is 126 mV for this 
complex compared to just 50 mV for 5.16.  
  
  
Figure 5.13. Cyclic voltammograms and square wave voltammograms of 0.2 mM compound 5.16 and in the presence of 
3NP (5.22) at a glassy carbon disc (d = 2 mm) electrode in anhydrous acetonitrile at v = 500 mV s-1. 
5.3. Conclusion 
This study reports the design and synthesis of a novel fully π-conjugated macrocycle 
5.18 which contains two 4,4ʹ-bipyridinium residues.  
 
The binding between 5.16 and π-electron rich guests 5.19 and 5.22 was studied. Titration 
experiments followed by 
1
H NMR spectroscopy clearly demonstrated that binding strength 
between host 5.16 and 5.22 containing three dialkoxy naphthalene units was greater than with 
5.19 which contained just 1 dialkoxy naphthalene units. This may be because the 3NP was 
able to form an intercollated complex containing multiple associative π-π stacking 
interactions. 
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The redox properties of the new macrocycle, and the novel complexes (5.16⊃5.19) 
were studied in solution. The concentration dependent redox behaviour of the complex 
5.16⊃5.22 as measured by CV and SWV clearly demonstrated the formation of the 
host-guest complex, which exhibited slower diffusion kinetics than the starting 
materials. 
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Chapter 6 
 
Characterization of the solid-state electronic properties of viologen-containing compounds 
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6.1. Introduction 
The previous chapters describe the design, synthesis and characterisation of a series of 
viologen-containing oligomers and macrocycles. This chapter examines the electrical 
properties of some of these novel compounds in the solid state. Firstly, the thin film 
conductivity of unimers, dimers and trimers are presented and compared to build up a 
structure/property relationship for these materials for the first time. Secondly, the results of 
photocurrent experiments which demonstrate a clear link between the structures of 
viologen-containing species and their response to absorbed photons.  
6.1.1. Overview of conductive viologen-containing compounds 
In recent years, the solid-state electrical conductivity of several substituted viologens has been 
demonstrated, which is the first step towards using them in a new generation of electronic 
devices. The first studies into the conductivity of these materials were conducted by Allen and 
co-workers
262–264
 during 1983 and 1984. This group measured the solid-state conductivities of 
salts of 1,1'-diphenyl-4,4'-bipyridinium (4.10f) and its  para-substituted  congeners with 
7,7,8,8-tetracyanoquinodimethanide (TCNQ) anion (6.6) using a four-probe technique on 
compacted pellets of microcrystalline samples at 300 K (Figure 6.1). They reported that the 
degree of conductivity is highly dependent on the level of TCNQ incorporated into the solid 
with the highest levels of conductivity measured when the TCNQ molecules are present as 
infinite stacks.  
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Figure 6.1. Structure of the TCNQ salts of diphenyl-4,4'-bipyridinium and its para-substituted congeners. 
In 1994, the electronic properties of the bromide, perchlorate and tetrafluoroborate salts of 
1,l'-bis(p-cyanopheny1)-4,4'-bipyridilium (CPQ) were measured by Rosseinsky and Monk.
265
  
 
Figure 6.2. Structure of 1,l'-bis(p-cyanopheny1)-4,4'-bipyridinium with tetrafluoroborate salts. 
In this work the group fabricated a bespoke „sandwich cell‟ instrument to measure the 
conductivity of pressed pellet samples without damaging the surface of the pellets. They 
found that within the range 0 to 5 tons of applied pressure during pellet formation, the 
conductivity doubled. They proposed that this increase was as a consequence of improved 
surface contact between the pressed disc and the Pt electrodes. In addition, the influence of 
counterions (Br−, Cl−, BF4
−, ClO4
−) was also investigated. It was found that the nature of the 
cation had little effect on the conductivity of 6.5 (c. 10
-8
 S cm
-1
). However, the conductivity of 
the radical cationic version of 6.5 was approximately 1000 times greater than that of the 
dication (c. 10
-5
 S cm
-1
).  
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More recently Porter and Vaid
179
 studied the conductivity of N,N'-diphenyl viologen (4.10f) in 
its radical cationic and neutral forms in the solid state. They generated the neutral phenyl 
viologen by reduction using zinc dust. The radical cationic species was then produced by 
mixing equimolar quantities of the dication and neutral species in acetonitrile under N2. The 
solid-state conductivities were measured from pressed powders in a two-electrode apparatus 
that consisted of a Delrin block with a 6.35 mm diameter cylinder hole and two 6.35 mm 
diameter copper cylindrical contacts. They found that both the radical cationic and neutral 
species exhibit conductivity, but that the neutral viologen is a significantly better conductor 
than the radical cationic species (Table 6.1). Four years later, the same group investigated the 
conductivity of an “extended viologen” (6.8) which also exhibited the same conductive 
behavior. In this case, the conductivity of the neutral form (9.3×10-5 (±0.9×10-5) S m-1) was 
found to be significantly higher than that of the radical cationic species (4.3×10-6 (±0.6×10-6) 
S/m).
168
  
 
 
 
4.10f 6.8 
 
 
4.10f 
+
 : 2.3×10
-8
 (±0.6×10
-8
) S/m 6.8 
+
 : 4.3×10
-6
 (±0.6×10
-6
) S/m 
 
 
4.10f 
0
 : 3.1×10
-5
 (±0.6×10
-5
) S/m 6.8 
0
 : 9.3×10
-5
 (±0.9×10
-5
) S/m 
Figure 6.3. Solid-state conductivities of the viologen-based species investigated by Port and Vaid.168,179 
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Each of the conductivity measurements reported above were made using pellets formed from 
pressed powder. However, these measurements are known to be highly dependent on the 
sample homogeneity
265
 which makes it difficult to compare data from a range of sources to 
build up a true picture of the electronic properties of this class of materials.  
 
In this chapter we produce thin films (<221 nm) of a range of our newly synthesised 
viologen-based molecules. This is achieved by spin coating concentrated solutions of our 
samples onto an indium tin oxide (ITO) substrate. This method allows simple measurement of 
the Current - Voltage (I-V) characteristic of the samples from which the conductivities can be 
calculated. In addition, we also present data showing that some of these materials exhibit 
interesting photo-current characteristics. 
6.2. Results and Discussion 
6.2.1. Preparation of the ITO substrate and thin films   
Spin coating is one of the simplest laboratory methods for producing homogeneous thin films. 
In this work, the viologen containing oligomers were spin coated from acetonitrile solution 
(12.5 to 80 mg/mL) onto a pre-cleaned 5 channel interdigitated ITO glass slide (resistance of 
20 Ω / square, Ossila, Figure 6.4a). A photo of a typical coated cell used in these experiments 
is shown below. (Figure 6.4b) 
  
Figure 6.4a. Interdigitated ITO Substrates (Picture from Ossila: 
https://www.ossila.com/products/interdigitated-ito-ofet-substrates). 
The ITO channels are the paler areas in this image. 
Figure 6.4b. Photo of a coated ITO cell used in 
this work 
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Time constraints did not allow the study of the full series of oligomers produced in chapter 4. 
Therefore, it was decided to investigate 9 molecules. These viologens were selected to allow 
for the qualitative comparison between members of each series which vary by oligomer 
length and electron withdrawing/donating ability of the end group (ether versus ester) or vary 
by the number of fused aromatic rings in the end group. Films were prepared using saturated 
solutions, the exact concentration of each solution varied according to solubility. The casting 
parameters for each film are presented in Table 6.1. 
Table 6.1. All of the parameters used in spin coating experiments. (Thickness was measured by Dektak)  
Entry  End group (R) 
Concentration 
(mg/mL) Speed (rpm) Spin time (s) 
Film thickness 
(nm) 
Unimer 3.1 
 
30 1500 100 65  
Dimer 3.2 30 1500 100 40 
Trimer 3.3 30 1500 100 70 
Unimer 4.10d 
 
22 1500 41 221 
Dimer 4.13d 38 3500 41 64 
Trimer 4.16 21 3500 41 30 
Unimer 4.10f 
 
80 5000 41 210 
Unimer 4.10g 
 
12.5 1900 41 67 
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Unimer 4.10h 
 
21 3500 41 16 
 
6.2.2. Conductivity measurement 
To measure the conductivity of each sample, the ITO electrode was placed on a Zero Insertion 
Force (ZIF, from Ossila) board. This allowed an I-V sweep to be made for each sample. The 
flow of current across the device was measured as a function of applied potential from -100 to 
100 V in the dark. Each sample was measured four times to generate a mean I/V graph for 
each sample from which the slope of the plots were measured. For the cells prepared on ITO 
substrates, the conductivity (σ) of sample can be obtained with the following equation (Eqn 
6.1): 
•  𝜎 =
𝑑𝐼
𝑑𝑉
×
(𝑐𝑕𝑎𝑛𝑛𝑒𝑙 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛)
(𝑐𝑕𝑎𝑛𝑛𝑒𝑙 𝑙𝑒𝑛𝑔𝑡𝑕×𝑓𝑖𝑙𝑚 𝑡𝑕𝑖𝑐𝑘𝑛𝑒𝑠𝑠)
 
Equation 6.1 
In this case, the term 
𝑑𝐼
𝑑𝑉
 is the slope of the I/V plot, the channel dimensions are known 
(separation = 5×10
−5
 m, length = 2.5×10
−2
 m) and the film thickness was measured for each 
film (table 6.1). 
6.2.3. Dependence of the conductivity on the conjugation length. 
I/V plots for each sample are presented in appendix 1. From these plots the conductivities for 
each series of monomeric, dimeric and trimeric viologen containing endgroups with electron 
withdrawing (3.1, 3.2 and 3.3) and electron donating endgroups (4.10d, 4.13d, 4.16) were 
calculated and are presented in Figure 6.5 and Table 6.3. 
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Figure 6.5. The solid state conductivities of unimers (3.1, 4.10d), dimers (3.2, 4.13d) and trimers (3.3 , 4.16) containing 
ester or ether end groups respectively. 
Table 6.2. Average conductivities from thin film electrical conductivity measurements of unimer 3.1 and 4.10d, dimer 
3.2 and 4.12d and trimer 3.3 and 4.16. 
Entry Thickness (nm) Conductivity (S/m) 
Unimer 3.1 65 6.59×10
-9 
(±0.06×10
-9
) 
Dimer 3.2 40 7.00×10
-9 
(±1.54×10
-9
) 
Trimer 3.3 70 8.00×10
-9 
(±0.05×10
-9
) 
Unimer 4.10d 221 2.20×10
-9  
(±0.01×10
-9
) 
Dimer 4.12d 64 1.54×10
-8 
(±0.001×10
-8
) 
Trimer 4.16 30 6.87×10
-8 
(±0.006×10
-8
) 
 
As can be seen from Table 6.2, it was found that with increasing oligomer length from 
unimeric to trimeric viologen species, their thin film conductivity increased. This trend was 
more pronounced for the series with electron donating end groups (from 2.20×10
-9 
(±0.01×10
-9
) S/m to 6.87×10
-8
(±0.006×10
-8
) S/m) than for the series with electron 
withdrawing end groups (from 6.59×10
-9
(±0.06×10
-9
) S/m to 8.00×10
-9
(±0.05×10
-9
) S/m).  
6.2.4. Dependence of the conductivity on the number of fused aromatic 
rings in the end group. 
After determining how the thin film conductivities depend on the conjugation length, it was 
decided to investigate the influence that varying the number of fused aromatic rings on the 
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end group had on on the conductivities of the viologen species. The thin film conductivities 
for phenyl (4.10f), naphthyl (4.10h) and pyrenyl (4.10g) derivatives are presented in Figure 
6.6. 
 
 
Figure 6.6. The conductivities of unimers 4.10f (phenyl), 4.10g (naphthyl) and 4.10h (pyrenyl) (mean of 4 results). 
Table 6.4. Average conductivities from thin film electrical conductivity measurements of unimers 4.10f, 4.10g and 
4.10h. 
Entry Thickness (nm) Conductivity (S/m) 
Unimer 4.10f 210 2.11×10
-9 
(±0.01×10
-19
) 
Unimer 4.10g 67 6.66×10
-9 
(±0.08×10
-9
) 
Unimer 4.10h 16 1.52×10
-8 
(±0.01×10
-8
) 
 
Table 6.4 shows the average conductivity of three unimers with different numbers of fused 
aromatic rings on their endgroups. It was found that as the number of benzene rings increased, 
the conductivity improved by an order of magnitude. The measured conductivity of dipyrenyl 
viologen 4.10h is 1.52×10-8 S/m is as high as the solid state conductivity of the radical 
cationic species of 4.10f as measured by Porter and Vaid (2.3×10-8 (±0.6×10-8) S/m, see 
figure 6.2). This may be accounted for by more favorable end-group overlap in the solid state 
or perhaps because of the increased area of delocalization in the viologen species with a 
higher number of fused aromatic rings on the end group.  
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6.3. Photocurrent measurements on ether terminated monomeric, 
dimeric and trimeric viologens (4.10d, 4.13d and 4.16, respectively) 
Prior to constructing complex devices including solar cells from new materials, it is important 
to establish the photoconductive response of the material in isolation. These experiments were 
carried out on the coated ITO substrates prepared during the conductivity studies (ether 
terminated viologens 4.10d, 4.13d and 4.16). The films were initially placed in the dark under 
a continuous applied potential of -15 V. Subsequently the current flow was measured as a 
function of the wavelength of the incident light as the sample was irradiated over between 300 
nm to 800 nm (Figure 6.7).  
 
 
Figure 6.7. Photocurrent response of thin films of samples of 4.10d, 4.13d and 4.16 held at a constant applied potential 
15 V as the wavelength of the incident radiation is varied from 300 to 800 nm. 
It can be seen form the data (Figure 6.7) that the photocurrent response was dependent on 
oligomer structure. Neither unimer 4.10d, nor dimer 4.13d exhibited any response to incident 
light over the wavelengths measured. However, trimer 4.16 became conductive under 
irradiation at the appropriate wavelength: the photocurrent increased significantly when the 
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wavelength increased from approximately 330 nm to 475 nm. However, when the excitation 
wavelength was above 475 nm, the generated photocurrent decreased. The position of this 
maximum enables the band gap between the valence band (VB) to conduction band (CB) to 
be calculated to be approximately 2.61 eV. This result was reproducible under both positive 
and negative applied voltage (Figure 6.8).  
 
 
Figure 6.8. Current response of thin films of 4.16 at constant applied potential of either +15 V or -15 V as the 
wavelength of incident radiation was varied between 300 and 800 nm.  
The difference in photocurrent response between unimer 4.10d, dimer 4.13d and trimer 4.16 
clearly results from their different structures. It may be that as the conjugation length 
increases, the energy band gap between VB and CB reduces, which may increase the 
efficiency of photon absorption.
266
 Alternatively, it may be that the longer oligomer packs 
more efficiently in the solid state allowing more efficient transport of electrons through the 
sample. 
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6.4. Conclusion  
In this chapter, the conductivities of a series of 4,4ʹ-bipyridinium-based aromatic oligomers 
with different end groups have been measured. The results demonstrate that the influence on 
conductivity of the electron donating or withdrawing endgroups is relatively weak. However, 
the conductivity increased sharply as the number of fused aromatic rings in the end group 
increased. In general, conductivity tended to increase from unimer to trimer. These results 
have demonstrated that as the length or area of conjugation increases, the thin film 
conductivity tends to increase.  
 
In addition, the photocurrent characteristics of a series viologen species 4.10d, 4.13d and 4.16 
under a constant voltage were measured for the first time. Only trimer 4.16 exhibited a 
measureable photocurrent under these irradiation conditions. This initial result shows that 
structurally optimised conjugated viologen containing systems may have the potential for 
application in high value products including phototransistors and photovoltaic cells. 
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Chapter 7 
 
Conclusion and Future Work 
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7.1. Review of Results 
The research described in this thesis has shown that fully π conjugated viologen containing materials 
can be synthesized in good yield by the Zincke reaction.   
 
It was found that the success of the Zincke reaction was connected to the structure of the nucleophilic 
amine residue. For example, in the case of the addition of benzene-1,4-diamine to Zincke salt 1.65, the 
first addition of one of the amine groups resulted in a reduction of the nucleophilicity of the remaining 
amine residue. This completely stopped polymerisation/oligomerisation under the conditions tested. To 
overcome this limitation, the use of the commercially available and electron rich diaromatic diamine 
3,3'-dimethoxybenzidine was explored. 4,4ʹ-Bipyridinium-based aromatic oligomers (3.1-3.3) were 
synthesized effectively and their electrochemical properties were investigated by using CV and 
SEC-UV/vis. Spectroscopically, the UV-vis SEC results for 3.3 demonstrated that the apparently more 
electron rich, central radical cationic bipyridinium moiety was reduced to a quinoidal, neutral form 
before the two terminal viologen units which appear comparatively electron poor.  
 
A series of π-conjugated viologen containing oligomers which contained aromatic residues 
with different end groups or core groups were synthesised and their electrochemical properties 
were investigated. The discovery of a strong correlation between the half wave potentials and 
pKb values is very interesting and will enable the prediction of the reduction potentials as yet 
unmade substituted viologen species. This could be of great use in designing systems that are 
to be used in nano-machines, ECD and in catalysis.
202
   
 
A novel, fully π-conjugated macrocycle 5.16 which contained two 4,4ʹ-bipyridinium was 
syntheissed. The structure of this macrocycle was found to be suitable to enable 
supramolecular complexation with π-electron rich guests (5.19 and 5.22). Quantitative 
determination of association constants was carried out using 
1
H NMR titration studies. The 
results clearly demonstrated that the binding strength between host 5.16 and 5.22 containing 
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three dialkoxy naphthalene units was greater than with guest 5.19 which contained just 1 
dialkoxy naphthalene units. 
 
Time constraints did not permit the determination of the thin film conductivity of the full series of 
oligomers. Therefore, compounds 3.1, 3.2 and 3.3 containing different numbers of viologens and 4.10f, 
4.10g, 4.10h containing endgroups with different numbers of aromatic rings were selected for study. 
The conductivity results demonstrated that as the conjugation length increased, the thin film 
conductivity tended to be higher. In addition, oligomeric species 3.3 exhibited interesting photocurrent 
characteristics under irradiation at visible wavelengths. 
7.2. Future work 
This work has led to an improved understanding of the electronic behaviour of fully π conjugated 
viologen containing oligomers. We hope that these results can be used to design new organic 
semiconductors for electronic device and nano-machines. The first step to achieving this would be to 
produce simple OPVCs or OTFTs containing our materials and to study their solid state properties.  
 
From Porter‟s report,168,179 it is known that the conductivity of radical-cationic and neutral viologen 
species is much higher that for the dicationic species tested in this work. Therefore, it would be 
interesting to produce radical cationic species of our materials and test their conductivities. Moreover, 
solid-state blends of related compounds and electron rich species including(TCNQ) anion (6.6) 
262–264
 
have been shown to exhibit extremely high conductivities. It would therefore be interesting to produce 
similar types of thin films using the viologen species produced in this thesis and study their electronic 
properties.  
 
Lastly, work on macrocycle 5.18, is at a very early stage. It would be exciting to see if it can be used to 
produce more complex supramolecular species including rotaxanes, catenanes and switches in the 
future. 
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Experimental Techniques 
Chemicals and solvents (from Sigma Aldrich, Fisher Scientific or Alfa Aesar) were generally 
used without further purification unless otherwise stated. Anhydrous N,N-dimethylformamide 
(DMF) (Alfa Aesar, 99.8%, packaged under argon) was used as received. 
Tetra-n-butylammonium hexafluorophosphate (TBAPF6) was recrystallized twice from 
absolute ethanol and dried at 80 °C under vacuum overnight. Acetonitrile was distilled from 
CaH2. 
 
1
H and 
13
C NMR spectra were acquired on a Bruker DPX-400 spectrometer operating at 400 
MHz and 100 MHz respectively or on a Bruker AV-700 spectrometer operating as 175 MHz for 
13
C nuclei. Residual 
1
H signals from the solvent were used as internal calibrants. 
 
Infrared spectra were recorded on a Perkin Elmer 17 20-X spectrometer from thin films cast 
from acetone, and major absorption bands are reported in wavenumbers (cm
-1
). For 
spectroelectrochemical (SEC) measurements, IR spectra were recorded on a Bruker Vertex 70v 
FTIR spectrometer. UV-Vis spectra were acquired on a Scinco S-3100 diode-array 
spectrophotometer. 
 
Thin layer chromatography (TLC) was performed using aluminium-backed plates pre-coated 
with Merck silica gel 60-F254. Melting points were determined on a TA Instruments DSC 
Q2000 instrument. Mass spectra were recoreded Thermo Scientific LQT Orbitrap XL under 
conditions of electrosory ionisation. 
 
Compounds 1.65, 3.11, 5.18, 5.19 and 5.20 were synthesized as described 
previously.
182,255,267,268
 All reactions were carried out in oven-dried glassware under dry 
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nitrogen. 
 
Single crystal X-ray  
 
The crystal structure of 5.16 was solved by Dr Ann Chippindale (University of Reading). X-ray 
diffraction data were collected on an Agilent Technologies Gemini Ultra-S CCD diffractometer, 
using Cu-Kα radiation, equipped with an Oxford Cryosystems low-temperature device 
operating at 150 K. The structure was solved in "Superflip" and refined in "CRYSTALS". 
Electron density due to disordered and unidentifiable solvent was treated using the SQUEEZE 
routine in "PLATON". 
Crystal data for 5.16: C56H40F24N4P4, Mr = 1348.81, monoclinic, P21/c, a = 14.1176(3), b = 
22.1778(4), c = 11.2310(2) Å,  = 100.087(2)°, V = 3462.05(12) Å3, T = 150(2) K, Z = 2, Dc = 
1.294 g cm
-3
, μ (Cu-Kα) = 1.919 mm-1, F(000) = 1360, independent measured reflections 6635, 
R1 = 0.0728, wR2 = 0.830 for 4977 independent observed reflections [2θ ≤ 71.242°, I > 3σ(I)].   
 
EPR measurements 
 
X-band EPR spectra were acquired on a Bruker EMX spectrometer using a TM110 
cylindrical mode resonator (ER 4103TM). Due to the high dielectric loss of the solvent 
all samples were contained in 1 mm internal diameter quartz tubes (Wilmad 712-SQ). 
To allow resolution of hyperfine structure, samples were deoxygenated by a minimum 
of three freeze-pump-thaw cycles, and spectra were recorded with a 20 μT modulation 
amplitude. A DPPH standard [g = 2.0036(3)] was used to obtain accurate g-values.
269
 
 
Cyclic voltammetry measurements 
 
Cyclic voltammetry (CV) measurements were performed on 0.2 mM solution of the 
viologen containing compounds in anhydrous DMF or anhydrous acetonitrile 
containing 0.1 M TBAPF6 as supporting electrolyte with a single-compartment 
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three-electrode cell equipped with glassy carbon disc (d = 2 mm) working electrode, 
coiled platinum wire auxiliary and coiled Ag wire pseudoreference electrodes. 
 
Spectroelectrochemical measurements  
 
Spectroelectrochemical measurements were carried out at 293 K, using an optically 
transparent thin-layer electrochemical (OTTLE) cell equipped with Pt minigrid working and 
auxiliary electrodes, a silver microwire pseudoreference electrode, and CaF2 windows. The 
course of the spectroelectrochemical experiment was monitored by thin-layer cyclic 
voltammetry conducted with an EmStat 3 (PalmSens BV) potentiostat. The applied potentials 
stated in the UV-SEC are approximated from the CV of each compound. The Beer-Lambert 
Law relates to spectrophotometric analysis, which refers the concentration of a solution to the 
absorption of light by the solution, as shown in below, where A is the concentration, ε is the 
molar absorption, l is the path-length of the light (1 cm), and c is the concentration of the 
solution (0.2mM). A=εlc. 
 
Solid-state conductivity and photocurrent measurements  
 
The ITO substrates were cleaned by immersion in ultrasonic bath using the following solvents 
and times: 1) de-ionized water for 15min to remove the detergent from the substrate. 2) 
acetone 15min, 3) isopropyl alcohol 15min, followed by blowing dry with N2. 
 
The experimental setup for current-voltage measurement is illustrated in below. 
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Figure S1. Schematic diagram of the equipment used for current-voltage measurements. 
A voltage waveform generator (incorporated in the computer) supplies voltage for the device, 
and the current was recorded by a picoammeter. A Xenon lamp with its power supply was 
used as an illumination source. A motorized monochromator was used to vary the wavelength 
of the light for photospectrum measurement. The monochromator is connected to a computer 
based controller with software to control wavelength selection. 
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Detailed synthetic procedures 
1,1'-bis(2,4-dinitrophenyl)-4,4'-bipyridinium dichloride 1.65.
128
 
 
4,4'-Bipyridine (1.55 g, 9.94 mmol) and 
1-chloro-2,4-dinitrobenzene (7.31 g, 36.1 mmol) 
were dissolved in anhydrous acetonitrile (15 mL) 
under argon. The solvent was heated to reflux and 
stirred for 9 days until a large amount of pale grey precipitate was formed. A few drops of water 
were added to the flask and it was warmed until all the precipitate had disappeared, then ethanol 
was added resulting in the formation of a pale grey precipitate. The precipitate was collected by 
filtration, then dried in vacuo to yield 1,1'-bis(2,4-dinitrophenyl)-4,4'-bipyridilium dichloride 
(6.50 g, 95%) as a pale grey powder. The crude product was sufficiently pure for immediate use 
in the next reaction. A portion of this crude precipitate was purified via low temperature 
crystallization from acetonitrile with a drop of water to afford yellow needle crystals. M.p. 243 
– 245 ˚C (Lit 250 °C). 1H NMR (D2O, 400 MHz) δ 9.47 (d, 6.8 Hz, 4H), 9.40 (d, 2.4 Hz, 2HB), 
8.91 - 8.95 (m, 6H), 8.30 (d, 8.4 Hz, 2H). 
13
C NMR (D2O, 100 MHz) δ 153, 150, 147, 138, 131, 
131, 128, 123. IR (cm
-1
) v 1548 m (NO2).  
 
1,1'-bis(4-aminophenyl)-[4,4'-bipyridine]-1,1'-diium chloride 2.9
129
 
 
1,1‟-Bis(2,4-dinitrophenyl)-4,4'-bipyridilium 
dichloride (5.90 g, 10.5 mmol) was dissolved in a 
mixture of EtOH (50 mL) and water (100 mL) with a 
huge excess of 1,4-diaminobenzene (7.01 g, 65 
mmol). The solvent was heated to reflux and stirred strongly for 24 hours. After cooling to 
room temperature, the solution was concentrated to approximately 2 mL under reduced 
pressure and added to rapidly stirred THF (300 mL) resulting in the formation of a black 
precipitate. The precipitate was collected by filtration, then washed with THF (2×100 mL), and  
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dried in vacuo, then recrystallized from water to yield 2.9 as a black powder (3.50g, 81%); M.p. 
319 ˚C (Lit53 320 ˚C). 1H NMR (D2O, 400 MHz) δ 9.26 (d, 6.8 Hz, 4H), 8.68 (d, 6.8 Hz, 4H), 
7.59 (d, 8.8 Hz, 4H), 7.03 (d, 8.8 Hz, 4H). 
13
C NMR (D2O, 100 MHz) δ 150.5, 149.2, 145.6, 
133.4, 126.7, 125.1, 116.4. IR (cm
-1
) v 3321 s (NH2).  
 
N-(2,5-dimethoxyphenyl)-2,2,2-trifluoroacetamide 2.14
130
 
 
To a stirred solution of 2,5-dimethoxyaniline (8.58 g, 56.0 mmol) in a 
mixed solvent of chloroform (100 mL) and triethylamine (6.20 g, 
61.0 mmol) with ice-bath, was added a solution of trifluoroacetic 
anhydride (11.7 g, 56.0 mmol) in chloroform (200 mL) slowly. Then 
the mixture was stirred at room temperature for 20 h. It was then 
washed with 0.5 N dilute hydrochloric acid (2 × 50 mL), water (2 × 100 mL), brine (2 × 50 mL), 
then dried over MgSO4. After evaporating the solvent, the crude product was recrystallized 
from chloroform and petroleum ether (60~80 ˚C) to give 2.14 as a light purple powder (9.51 g, 
68%). 
1
H NMR (CDCl3, 400 MHz) δ 8.50 (s, 1H), 8.01 (d, 2.8 Hz, 1H), 6.85 (d, 8.8 Hz, 1H), 
6.70 (dd, 2.8 & 8.8 Hz, 1H), 3.88 (s, 3H), 3.79 (s, 3H). 
13
C NMR (CDCl3, 100 MHz) δ154, 142, 
126, 117, 114, 111, 111, 107, 56, 56. [M]
1+ 
calc. C10H10O3NF3 for 230.0623, found 230.0621. 
 
N-(2,5-dimethoxy-4-nitrophenyl)-2,2,2-trifluoroacetamide 2.15
130
 
 
To a stirred solution of 2.14 (9.05 g, 36.0 mmol) in a mixed solvent 
of chloroform (100 mL) and acetic acid (50 mL) with ice-bath, was 
added fuming nitric acid (98%, 25 mL) dropwise. The mixture was 
stirred for 15 min and then poured to ice water (200 mL). The 
organic phase was separated and the aqueous layer was extracted 
with chloroform (2×50 mL). The combined organic phase was washed with 0.5 N aqueous 
sodium hydrogen carbonate (2×100 mL), water (2×100 mL), and brine (100 mL), then dried 
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over MgSO4. After evaporating the solvent, the crude product was recrystallized with 
chloroform and petroleum ether to afford 2.15 as a yellow brown powder (3.61 g, 34%). 
1
H 
NMR (CDCl3, 400 MHz) δ 8.72 (s, 1H), 8.32 (s, 1H), 7.58 (s, 1H), 3.98 (s, 3H), 3.98 (s, 3H). 
13
C NMR (CDCl3, 100 MHz) δ 155, 155, 149, 135, 131, 108, 106, 57, 57. [M]
1+ 
calc. 
C10H10O5N2F3 for 295.0536, found 295.0535. 
 
N-(4-amino-2,5-dimethoxyphenyl)-2,2,2-trifluoroacetamide 2.16
130
 
 
A solution of 2.15 (0.98 g, 3.70 mmol) and stannous 
chloride (4.62 g, 22 mmol) in ethyl acetate (50 mL) was 
stirred under reflux for 2 h. After cooling to room 
temperature, saturated aqueous sodium bicarbonate solution 
was added until pH = 8. The formed precipitate was 
removed by filtration through celite. The organic phases were separated and the aqueous phase 
was extracted with ethyl acetate (2×50 mL). The organic phase were combined and washed 
with water (2×50 mL), and brine (2×50 mL), and then dried over MgSO4. The solvent was then 
evaporated to afford N-(4-amino-2,5-dimethoxyphenyl)-2,2,2-trifluoroacetamide 2.16 as a 
purple solid (0.63 g, 64%). 
1
H NMR (CDCl3, 400 MHz) δ 8.40 (s, 1H), 7.89 (s, 1H), 6.34 (s, 
4H), 3.82 (s, 3H), 3.80 (s, 3H). 
13
C NMR (D2O, 100 MHz) δ 154, 153, 143, 141, 115, 105, 99, 
56, 56.  
 
Synthesis of dicationic unimer 3.1 
 
1,1‟-bis(2,4-dinitrophenyl)- 4,4'-bipyridinium 
dichloride (2.22 g, 3.96 mmol) was dissolved in a 
mixture of ethanol (50 mL) and water (50 mL) with 
excess dimethyl 5-aminoisophthalate (3.52 g, 16.83 
mmol). The reaction mixture was heated to reflux and stirred vigorously for 3 days. After 
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cooling to room temperature, the solvent was evaporated and the yellow solid was washed with 
THF (200 mL) and EtOAc (200 mL). Anion exchange to PF6
- 
was achieved by dissolving the 
solid (4.60 g) in a mixture of water/methanol (v/v 8:2 50 mL) and adding 10 g of NH4PF6. The 
resulting precipitate was filtered off, washed with 300 mL of water and 100 mL of ethyl acetate, 
and then dried under high vacuum overnight to yield 3.1 as a white solid (3.06 g, 93%). 
1
H 
NMR (acetone-d6, 400 MHz) δ 9.82 (d, J = 6.8 Hz, 4H), 9.14 (d, J = 6.8 Hz, 4H), 8.88 (t, J = 1.3 
Hz, 2H), 8.83 (d, J = 1.2 Hz, 4H), 3.99 (s, 12H). 
13
C NMR (acetone-d6, 100 MHz) δ 164.9, 
152.0, 147.7, 144.1, 133.9, 133.4, 131.0, 128.4, 53.5. IR (cm
-1
)  = 1730 (α,β-unsaturated ester 
C=O). [M-H]
1+
 calc. C30H25N2O8 for 541.1605, found 541.1601; [M]
2+
 calc.  C30H26N2O8 for 
271.0839, found 271.0840. 
 
Synthesis of 1-(3,5-bis(methoxycarbonyl)phenyl)-[4,4'-bipyridin] -1-ium dichloride 3.9 
 
1-(2,4-dinitrophenyl)-[4,4'-bipyridin]-1-ium chloride 
3.10 (3.59 g, 10 mmol) was dissolved in ethanol (50 
mL) with a large excess of dimethyl 
5-aminoisophthalate (5.04 g, 24.9 mmol). The mixture 
was heated to reflux and stirred vigorously for 2 days. After cooling to room 
temperature, the solvent was evaporated and the product reprecipitated twice with ethyl 
acetate from methanol. The precipitate was collected by filtration, washed with THF 
(200 mL), and dried in vacuo to yield 3.9 as a light green solid (3.61 g, 94%) M.p. 
243-246 °C (dec). 
1
H NMR (D2O, 400 MHz) δ 9.29 (d, J = 6.8 Hz, 2H), 8.94 (t, J = 1.2 
Hz, 1H), 8.81 (dd, J =  4.8 and 1.6 Hz, 2H), 8.66 (d, J = 1.2 Hz, 2H), 8.64 (d, J = 6.8 
Hz, 2H), 8.01 (dd, J = 1.6 and 4.8 Hz, 2H), 4.01 (s, 6H). 
13
C NMR (D2O, 100 MHz) δ 
166.2, 155.5, 149.9, 144.9, 142.5, 142.3, 132.8, 132.81, 132.78, 129.4, 126.2, 53.3. IR 
(cm
-1
)  = 1736 (ester C=O). [M]1+ calc.  C20H17N2O4 for 349.1183, found 349.1181. 
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Synthesis of 3.8 
 
1-(3,5-bis(methoxycarbonyl)phenyl)-[4,4'-bi
pyridin]-1-ium dichloride 3.9 (1.35 g, 3.51 
mmol) was dissolved in 8 mL of EtOH with a 
large excess of 1-chloro-2,4-dinitrobenzene 
(10.0 g, 49.4 mmol). The solvent was heated 
to reflux and stirred strongly for 3 days. After 
cooling to room temperature, the crystals were filtered off and washed with THF (2 × 100 mL), 
further washed with EtOAc (2×100 mL), and dried in vacuo to yield a light brown solid (1.41 g, 
59%). M.p. 216-218 ˚C. 1H NMR (D2O, 400 MHz) δ 9.53 (d, J = 6.8 Hz, 2H), 9.47 (d, J = 7.2 
Hz, 2H), 9.42 (d, J = 2.4 Hz, 2H), 8.99 (t, J = 1.2 Hz, 1H), 8.96 (dd, J = 2.4 and 8.8 Hz, 1H), 
8.919 (d, J = 9.6 Hz, 2H), 8.912 (d, J = 9.6 Hz, 2H), 8.72 (d, J = 1.2 Hz, 2H), 8.31 (d, J = 8.8 Hz, 
2H), 4.03 (s, 6H). 
13
C NMR (D2O, 100 MHz) δ 168.7, 155.7, 153.6, 152.4, 149.3, 148.4, 145.3, 
145.0, 140.8, 135.7, 135.5, 133.6, 133.2, 132.0. 130.1, 129.9, 125.3, 55.9. IR (cm
-1
)  = 1715 
(ester, C=O), 1541 (NO2).  [M]
1+
 calc. C26H20N4O8 for 561.1276, found 561.1266. 
 
Synthesis of tetracationic dimer 3.2 
 
1-(3,5-bis(methoxycarb
onyl)phenyl)-1'-(2,4-di
nitrophenyl)-[4,4' 
bipyridin]-1,1'-diium 
chloride 3.8 (984 mg, 
1.68 mmol) was dissolved in methanol (50 mL) with 3,3'-dimethoxybenzidine (204 
mg, 0.84 mmol). The mixture was heated to reflux and stirred for 4 d. After cooling to 
room temperature, the solvent was evaporated, and the crude product was precipitated 
twice from MeOH with ethyl acetate to afford a brown solid. Anion exchange to PF6
-
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was achieved by dissolving the solid in a mixture of water/methanol (10 mL) and 
adding 3 g of NH4PF6. The resulting precipitate was filtered off, washed with 500 mL 
of water and 300 mL of ethyl acetate, and then dried under high vacuum overnight to 
yield 3.2 as a yellow solid (960 mg, 77%). M.p 312 °C. 
1
H NMR (acetone-d6 with 1% 
trifluoroacetic acid (TFA); the signal of TFA is not reported; 400 MHz) δ 9.92 (d, J = 
6.8 Hz, 4H), 9.64 (d, J = 7.2 Hz, 4H), 9.21 (d, J = 6.8 Hz, 4H), 9.12 (d, J = 6.8 Hz, 
4H), 8.90 (t, J = 1..4Hz, 2H), 8.87 (d, J = 1.2 Hz, 4H), 8.04 (d, J = 8 Hz, 2H), 7.91 (d, 
J = 1.6 Hz, 2H), 7.69 (dd, J = 1.6 and 8.4 Hz, 2H), 4.13 (s, 6H), 4.02 (s, 12H). 
13
C 
NMR (CD3CN with 1% TFA; the signal of TFA is not included; 175 MHz) δ 165.3, 
153.5, 152.2, 151.5, 148.4, 147.1, 145.4, 143.6, 134.3, 130.6, 128.5, 128.1, 121.6, 
113.5, 27.9, 53.9. IR (cm
-1
)  = 1722 (α,β-unsaturated ester C=O). [M]4+ calc. for 
C54H46N4O10 for 227.5798, found 227.5798;  [M-1H]
3+
 calc. C54H45N4O10 for 
303.1040, found 303.1040; [M-2H]
2+
  calc. C54H44N4O10 for 454.1523, found 
454.1519. 
 
Synthesis of 1,1'-bis(4'-amino-3,3'-dimethoxy-[1,1'-biphenyl]-4-yl)- [4,4'-bipyridine] 
-1,1'-diium chloride 3.11 
 
Zincke salt 1.65 (570 mg, 1.00 
mmol) was dissolved in 50 mL 
of methanol/water (5:1, v/v) 
with 3,3'-dimethoxybenzidine 
(732 mg, 3 mmol). The reaction mixture was heated with stirring at reflux for 3 days, 
and then concentrated to 3 mL and treated with THF (100 mL). The crude product was 
precipitated twice from MeOH/EtOAc (1:8). The precipitate was filtered off and dried 
under high vacuum to afford 3.12 as a deep purple solid (653 mg, 95%). M.p. 280 °C 
(dec.). 
1
H NMR (CD3OD, 400 MHz) δ 9.48 (d, J = 6.8 Hz, 2H), 9.19 (d, J = 6.8 Hz, 
2H), 8.97 (t, J = 1.2 Hz, 1H), 8.82 (d, J = 6.8 Hz, 2H), 8.70 (d, J = 1.2Hz, 2H), 8.68 (d, 
J = 7.5Hz, 2H), 7.63 (d, J = 8.0 Hz, 1H), 7.44 (s, 1H), 7.42 (d, J = 8.0 Hz, 1H), 7.23 (d, 
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J = 8.0 Hz, 1H), 7.20 (s, 1H), 6.92 (d, J = 8.0 Hz, 1H), 4.03 (s, 3H), 4.01 (s, 3H), 3.93 
(s, 3H). 
13
C NMR (CD3OD, 100 MHz) δ165.7, 153.4, 152.5, 151.4, 149.9, 148.8, 
148.5, 147.5, 145.3, 144.4, 137.0, 136.7, 134.6, 133.9, 131.6, 130.8, 130.5, 128.5, 
128.1, 127.8, 124.8, 121.5, 120.5, 117.5, 111.9, 110.6, 57.3, 56.4, 53.6. IR (cm
-1
)  = 
3350 (N-H, primary amine). [M]
2+
 calc.  C38H36N4O4 for 612.2731, found 612.2725. 
 
Synthesis of hexacationic trimer 3.3 
 
 
Aromatic diamine 3.11 (403 mg, 0.59 mmol) was dissolved in 100 mL of 
ethanol/water (1:1, v/v) with precursor (3.8) (704 mg, 1.20 mmol) and the solution was 
refluxed for 3 d. The solvent was concentrated to leave approximately 5 mL, and this 
was added to a rapidly stirred solution of NH4PF6 in a mixture of methanol and water 
(30 mL, 2:8 v/v). After stirring at room temperature for 1 h, the resulting precipitate 
was filtered off, washed with 300 mL of water and 300 mL of ethyl acetate, and finally 
purified by column chromatography (elution gradient: acetonitrile to 1% NH4PF6 in 
acetonitrile w/v). Excess salts were removed by precipitating the crude product twice 
from acetonitrile/water and the product was then dried under high vacuum to give a 
black solid, 3.3, (920 mg, 72.5%). M.p. 325 °C (dec.). 
1
H NMR (acetone-d6 with 1% 
TFA; the signal of TFA is not reported; 400 MHz) δ 9.92 (d, J = 6.8 Hz, 4H), 9.64 (d, J 
= 7.2 Hz, 8H), 9.22 (d, J = 7.2 Hz, 4H), 9.13 (d, J = 6.8 Hz, 4H), 9.10 (d, J = 6.8 Hz, 
4H), 8.89 (t, J = 1.2Hz, 2H), 8.86 (d, J = 1.6 Hz, 4H), 8.05 (t, J = 7.2 Hz, 4H), 7.91 (s, 
4H), 7.82 (dd, J = 1.6 and 8.0 Hz, 4H), 4.13 (s, 12H), 4.02 (s, 12H). 
13
C NMR 
(acetone-d6 with 1% TFA; the signal of TFA is not included; 175 MHz) δ 165.0, 158.7, 
158.3, 153.6, 152.2, 151.9, 148.7, 148.7, 147.7, 145.4, 144.2, 133.9, 132.2, 131.0, 
128.5, 128.4, 128.2, 128.2, 121.5, 120.2, 117.4, 114.5, 113.3, 57.5, 53.5. IR (cm
-1
)  = 
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1723 (α,β-unsaturated ester, C=O). [M-2H] 4+ calc.  C78H64N6O12 for 319.1140, found 
319.1140; [M-4H]
2+
 calc. C78H62N6O12 for 637.2207, found 637.2210. 
 
Synthesis of 4.10a. 
 
 Di-Zincke salt 1.65 (300 mg, 0.53 mmol) 
was dissolved in a mixture of ethanol (50 mL) 
and water (15 mL) with excess dimethyl 
methyl 4-aminobenzoate (324 mg, 2.14 mmol). The reaction mixture was heated to reflux and 
stirred vigorously for 3 days. After cooling to room temperature, the solvent was evaporated, 
and the solid was washed with THF (200 mL) and EtOAc (200 mL). The crude product was 
precipitated from methanol with EtOAc twice. Anion exchange to PF6
- 
was achieved by 
dissolving the solid in 10 mL of water and adding 10 g of NH4PF6. The resulting precipitate 
was filtered off, washed with 300 mL of water and 100 mL of ethyl acetate, and then dried under 
high vacuum overnight to yield a brown solid (353 mg, 93%). M.p. 384°C (dec). 
1
H NMR 
(acetonitrile-d3, 400 MHz) δ 9.23 (d, J = 6.9 Hz, 4H), 8.69 (d, J = 6.7 Hz, 4H), 8.36 (d, J = 8.7 
Hz, 4Hc), 7.91 (d, J = 8.6 Hz, 4H), 3.97 (s, 6H). 
13
C NMR (acetonitrile-d3, 100 MHz) δ 166.1, 
151.7, 146.7, 146.1, 134.6, 132.4, 128.4, 126.1, 53.4. IR (cm-1) ν = 1721 (ester C=O). [M-H]1+ 
calc. C26H21O4N2 for 425.1496, found 425.1494. 
 
Synthesis of 4.10b. 
 
Di-Zincke salt 1.65 (300 mg, 0.53 mmol) was 
dissolved in a mixture of ethanol (50 mL) and 
water (15 mL) with excess 4-methoxyaniline 
(658 mg, 5.34 mmol). The reaction mixture 
was heated to reflux and stirred vigorously for 2 days. After cooling to room temperature, the 
solvent was evaporated, the solid was washed with THF (200 mL) and EtOAc (200 mL). The 
crude product was precipitated from methanol with EtOAc twice. Anion exchange to PF6
- 
was 
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achieved by dissolving the solid in 10 mL of water and adding 10 g of NH4PF6. The resulting 
precipitate was filtered off, washed with 300 mL of water and 100 mL of ethyl acetate, and then 
dried under high vacuum overnight to a yellow solid (332 mg, 95%). M.p. 229 °C. 
1
H NMR 
(acetonitrile-d3, 400 MHz) δ 9.14 (d, J = 6.9 Hz, 4H), 8.61 (d, J = 6.8 Hz, 4H), 7.73 (d, J = 9.0 
Hz, 4H), 7.91 (d, J = 9.0 Hz, 4H), 3.94 (s, 6H). 
13
C NMR (acetonitrile-d3, 100 MHz) δ 163.3, 
150.6, 146.3, 136.2, 128.0, 126.8, 116.5, 56.8. IR (cm-1) ν = 1257 (ether C-O). [M-H]1+ calc. 
C26H21O2N2 for 369.1598, found 369.1598. 
 
Synthesis of 4.10c. 
 
 Di-Zincke salt 1.65 (300 mg, 0.53 mmol) was 
dissolved in a mixture of methanol (60 mL) and water 
(15 mL) with excess 2-methoxyaniline (246 mg, 2.00 
mmol). The reaction mixture was heated to reflux and 
stirred vigorously under argon for 2 days. After cooling to room temperature, the solvent was 
evaporated, the solid was washed with THF (200 mL) and EtOAc (200 mL). The crude product 
was precipitated from methanol with EtOAc twice. Anion exchange to PF6
- 
was achieved by 
dissolving the solid in 10 mL of water and adding 10 g of NH4PF6. The resulting precipitate 
was filtered off, washed with 300 mL of water and 100 mL of ethyl acetate, and then dried under 
high vacuum overnight to a yellow solid (322 mg, 92%). M.p. 274°C. 
1
H NMR (acetonitrile-d3, 
400 MHz) δ 9.07 (d, J = 7.0 Hz, 4H), 8.60 (d, J = 7.0 Hz, 4H), 7.77 – 7.73 (m, 2H), 7.63 (dd, J 
= 8.0 & 1.4 Hz, 2H), 7.40 (dd, J = 8.0 & 1.4 Hz, 2H), 7.32 – 7.28 (m, 2H), 3.92 (s, 6H). 13C 
NMR (acetonitrile-d3, 100 MHz) δ 153.0, 151.6, 148.3, 134.7, 131.6, 127.9, 127.4, 122.5, 
114.4, 57.3. IR (cm-1) ν = 1277 (ether C-O). [M-H]1+ calc. C26H21O2N2 for 369.1598, found 
369.1601. 
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Synthesis of 4.10d. 
 
Zincke salt 1.65 (300 mg, 0.53 mmol) was dissolved 
in a mixture of methanol (60 mL) and water (15 mL) 
with excess 3,5-dimethoxyaniline (409 mg, 2.67 
mmol). The reaction mixture was heated to reflux 
and stirred vigorously under argon for 2 days. After cooling to room temperature, the solvent 
was evaporated, the solid was washed with THF (200 mL) and EtOAc (200 mL). The crude 
product was precipitated from methanol with EtOAc twice. Anion exchange to PF6
- 
was 
achieved by dissolving the solid in 10 mL of water and adding 10 g of NH4PF6. The resulting 
precipitate was filtered off, washed with 300 mL of water and 100 mL of ethyl acetate, and then 
dried under high vacuum overnight to a yellow solid (302 mg, 79%). M.p. 335°C (dec). 
1
H 
NMR (acetonitrile-d3, 400 MHz) δ 9.19 (d, J = 6.5 Hz, 4H), 8.60 (d, J = 6.4 Hz, 4H), 6.94 (s, 
4H), 6.86 (s, 2H), 3.91 (s, 12H). 
13
C NMR (acetonitrile-d3, 100 MHz) δ 162.9, 151.4, 146.6, 
144.8, 128.1, 104.0, 103.9, 56.9. IR (cm-1) ν = 1161, 1213 (ether C-O). [M-H]1+ calc. 
C26H25O4N2 for 429.1809, found 429.1807. 
 
Synthesis of 4.10e 
 
Zincke salt 1.65 (300 mg, 0.53 mmol) was 
dissolved in a mixture of methanol (60 mL) 
and water (15 mL) with excess of 
N,N-Dimethyl-1,4-benzenediamine (545 mg, 
4.00 mmol) in a 100 mL round bottom flask which was covered with foil (light sensitive). The 
reaction mixture was heated to reflux and stirred vigorously under argon for 3 days. After 
cooling to room temperature, the solvent was evaporated, the solid was washed with THF (200 
mL). The crude product was precipitated from methanol with EtOAc twice. Anion exchange to 
PF6
- 
was achieved by dissolving the solid in 10 mL of water and adding 10 g of NH4PF6. The 
resulting precipitate was filtered off, washed with 300 mL of water and 100 mL of ethyl acetate, 
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and then dried under high vacuum overnight to a deep purple solid (298 mg, 81%). M.p. 368°C 
(dec). 
1
H NMR (acetonitrile-d3, 400 MHz) δ 9.08 (d, J = 6.2 Hz, 4H), 8.54 (d, J = 6.1 Hz, 4H), 
7.62  (d, J = 9.0 Hz, 4H), 6.97 (d, J = 9.0 Hz, 4H), 3.10 (s, 12H). 
13
C NMR (acetonitrile-d3, 100 
MHz) δ 15.3.3, 149.0, 145.0, 131.7, 127.6, 125.7, 113.5, 40.6. IR (cm-1) ν = 2820 
(N,N-dimethyl). [M-H]
1+
 calc. C26H21O2N2 for 395.2230, found 395.2231. 
 
Synthesis of 4.10f 
 
Zincke salt 1.65 (300 mg, 0.53 mmol) was 
dissolved in a mixture of methanol (60 mL) and 
water (15 mL) with aniline (465 mg, 5.00 mmol). 
The reaction mixture was heated to reflux and stirred vigorously under argon for 3 days. After 
cooling to room temperature, the solvent was evaporated, the solid was washed with THF (200 
mL) and EtOAc (200 mL). The crude product was precipitated from methanol with EtOAc 
twice. Anion exchange to PF6
- 
was achieved by dissolving the solid in 10 mL of water and 
adding 10 g of NH4PF6. The resulting precipitate was filtered off, washed with 300 mL of water 
and 100 mL of ethyl acetate, and then dried under high vacuum overnight to a white solid (305 
mg, 96%). M.p. 395°C (dec). 
1
H NMR (acetonitrile-d3, 400 MHz) δ 9.20 (d, J = 7.0 Hz, 4H), 
8.66 (d, J = 6.8 Hz, 4H), 7.80 (s, 10H). 
13
C NMR (acetonitrile-d3, 100 MHz) δ 151.3, 146.6, 
143.3, 133.1, 131.6, 128.2, 125.4. [M-H]
1+
 calc. C22H17N2 for 309.1386, found 309.1391. 
 
Synthesis of 4.10g 
 
Zincke salt 1.65 (300 mg, 0.53 mmol) was 
dissolved in a mixture of methanol (60 mL) and 
water (15 mL) with excess of naphthalen-1-amine 
(85 mg, 0.6 mmol). The reaction mixture was 
heated to reflux and stirred vigorously under argon 
for 3 days. After cooling to room temperature, the solvent was evaporated, the solid was 
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washed with THF (200 mL) and EtOAc (200 mL). The crude product was precipitated from 
methanol with EtOAc twice. Precipitate the crude product from methanol with EtOAc twice. 
Anion exchange to PF6
- 
was achieved by dissolving the solid in 10 mL of water and adding 10 g 
of NH4PF6. The resulting precipitate was filtered off, washed with 300 mL of water and 100 mL 
of ethyl acetate, and then dried under high vacuum overnight to a bright yellow solid (323 mg, 
87%). M.p. 310°C. 
1
H NMR (acetonitrile-d3, 400 MHz) δ 9.23 (d, J = 6.8 Hz, 4H), 8.66 (d, J = 
6.7 Hz, 4H), 8.37 (d, J = 8.2 Hz, 2H), 8.23 (d, J = 8.2 Hz, 2H), 7.92 (d, J = 7.3 Hz, 2H), 7.86 - 
7.73 (m, 6H), 7.50 (d, J = 8.3 Hz, 2H). 
13
C NMR (acetonitrile-d3, 100 MHz) δ 152.5, 148.4, 
139.3, 135.1, 133.6, 130.2, 130.0, 129.1, 128.7, 127.9, 126.3, 125.6, 121.2. [M-H]
1+
 calc. 
C30H21N2 for 409.1699, found 409.1701. 
 
Synthesis of 4.10h 
 
Zincke salt 1.65 (300 mg, 0.53 mmol) was 
dissolved in a mixture of methanol (60 mL) 
and water (15 mL) with excess of 
1-aminopyrene (270 mg, 1.24 mmol). The 
reaction mixture was heated to reflux and 
stirred vigorously under argon for 3 days. 
After cooling to room temperature, the solvent was evaporated, the solid was washed with THF 
(200 mL) and EtOAc (200 mL). The crude product was precipitated from methanol with EtOAc 
twice. Anion exchange to PF6
- 
was achieved by dissolving the solid in 10 mL of water and 
adding 10 g of NH4PF6. The resulting precipitate was filtered off, washed with 300 mL of water 
and 100 mL of ethyl acetate, and then dried under high vacuum overnight to a deep fuchsia 
solid (382 mg, 85%). M.p. 342°C. 
1
H NMR (acetonitrile-d3, 400 MHz) δ 9.39 (d, J = 6.0 Hz, 
4H), 8.85 (d, J = 5.8 Hz, 4H), 8.59 (d, J = 8.3 Hz, 2H), 8.55 (d, J = 7.8 Hz, 2H), 8.51 – 8.44 (m, 
6H), 8.38 (t, J = 9.9 Hz, 4H), 8.29 (t, J = 7.6 Hz, 2H), 7.78 (d, J = 9.2 Hz, 2H). 
13
C NMR 
(acetonitrile-d3, 100 MHz) δ 152.3, 148.9, 136.0, 134.6, 132.3, 132.0, 131.3, 131.2, 128.8, 
128.7, 128.1, 127.9, 126.3, 126.2, 125.4, 124.5, 124.3. [M-H]
1+
 calc. C42H25N2 for 557.2012, 
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found 557.2009. 
 
Synthesis of 4.11 
 
Compound 3.10 (1.20 g, 3.34 
mmol) was dissolved in a 
mixture solution of DMAc (30 
mL) and water (30 mL) with 
aromatic diamine 2.19 (408 mg, 1.67 mmol). The mixture was heated to 95°C and 
stirred for 5 d. After cooling to room temperature, the solvent was concentrated to 5 
mL roughly, then poured in to 300 mL of THF. The resulting precipitate was filtered 
off, washed with 300 mL of ethyl acetate, and then dried under high vacuum at 40 °C 
for 2 hours to yield the brown solid. The crude product was recrystallized from water 
to afford the brownish yellow solid (1.59 g, 80%). M.p 232 °C. 
1
H NMR (methanol-d4, 
400 MHz) δ 9.31 (d, J = 6.9 Hz, 4H), 8.91 (d, J = 6.0 Hz, 4H), 8.73 (d, J = 6.9 Hz, 
4Hb), 8.16 (d, J = 6.2 Hz, 4H), 7.92 (d, J = 8.2 Hz, 2H), 7.78 (d, J = 1.4 Hz, 2H) 7.71 
(dd, J = 8.2 & 1.6 Hz, 2H), 4.10 (s, 6H). 
13
C NMR (D2O; 175 MHz) δ 156.0, 153.9, 
151.4, 148.4, 146.0, 144.1, 132.4, 128.3, 126.9, 124.0, 121.8, 113.5, 57.5. [M-H]
1+
 calc. 
C34H27O2N4 for 523.2129, found 523.2124. 
 
Synthesis of the precursor for general dimer  
 
 
 
Compound 4.11 (0.92 g, 1.51 mmol) and 1-chloro-2,4-dinitrobenzene (14.62 g, 72.2 mmol) 
were dissolved in anhydrous methanol (15 mL). The solvent was heated to 75 ˚C and stirred 10 
days under argon. After cooling to room temperature, the solution was added slowly to a rapidly 
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stirred mixture solution of THF (100 mL) and EtOAc (200 mL). After stirring at room 
temperature for 15 min, the resulting yellow precipitate was collected by filtration, washed with 
EtOAc (2 × 20 mL) and dried in vacuo at 40 °C overnight. Purification was achieved by 
recrystallization from water 3 times, collecting the filtrate, then precipitating with EtOAc to 
afford the yellow solid (0.72 g, 47.6). M.p. 162 ˚C. 1H NMR (D2O, 400MHz) δ 9.45 (d, J = 6.8 
Hz, 4Ha), 9.41 (d, J = 2.4 Hz, 2He), 9.36 (d, J = 7.2 Hz, 2Hc), 8.95 (dd, J = 8.8, 2.4 Hz, 2Hg), 8.90 
(d, J = 6.8 Hz, 4Hb), 8.81 (d, J = 7.2 Hz, 4Hd), 8.30 (d, J = 8.4 Hz, 2 Hf), 7.82 (d, 8.4 Hz, 2 Hi), 
7.69 (s, 2 Hh), 7.66 (d, J = 8.4Hz, 2Hj). 
13
C NMR (methanol-d4, 100 MHz) δ 154.1, 153.9, 
151.9, 151.5, 149.1, 148.6, 146.2, 144.6, 139.8, 132.6, 131.3, 128.5, 128.41, 128.37, 123.3, 
121.9, 113.6, 57.6. IR (cm-1) ν = 1539, 1343 (NO2). 
 
Synthesis of dimer 4.13a 
 
 
 
The precursor 4.12 (150 mg, 0.15 mmol) was dissolved in a mixture of methanol (50 mL) and 
water (15 mL) with excess methyl 4-aminobenzoate (324 mg, 2.14 mmol). The reaction 
mixture was heated to reflux and stirred vigorously for 3 days. After cooling to room 
temperature, the solvent was evaporated, and the crude product was precipitated twice from 
MeOH with ethyl acetate to afford a brown solid. Anion exchange to PF6
-
 was achieved by 
dissolving the solid in a mixture of water/methanol (10 mL) and adding 3 g of NH4PF6. After 
stirring at room temperature for 1 h, the resulting yellow precipitate was collected by filtration, 
washed with water (2 × 50 mL) and dried in vacuo overnight to yield dimer 4.13a as a yellow 
solid (195 mg, 95%). M.p 384 °C (dec). 
1
H NMR (acetonitrile-d3 with 1% trifluoroacetic acid 
(TFA); the signal of TFA is not reported; 400 MHz) δ 9.24 (d, J = 6.8 Hz, 4H), 9.16 (d, J = 6.9 
Hz, 4H), 8.70 (d, J = 6.8 Hz, 4H), 8.66 (d, J = 6.9 Hz, 4H), 8.57 (d, J = 8.7 Hz, 4H), 7.93 (d, J = 
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8.7 Hz, 4H), 7.81 (d, J = 8.4 Hz, 2H), 7.71-7.69 (m, 4H), 4.08 (s, 6H), 3.98 (s, 6H). 
13
C NMR 
(acetonitrile-d3 with 1% trifluoroacetic acid (TFA); the signal of TFA is not reported; 100 MHz) 
δ 166.1, 153.4, 152.0, 151.5, 148.3, 146.6, 146.1, 145.3, 132.4, 131.8, 128.4, 128.1, 128.0, 
126.1, 121.5, 113.4, 57.8, 53.4. IR (cm
-1
)  = 1723 (ester C=O). [M-2H]2+ calc. C50H40O6N4 for 
396.1468, found 396.1469. 
 
Synthesis of dimer 4.13c 
 
 
 
The precursor for general dimer 4.12 (150 mg, 0.15 mmol) was dissolved in a mixture of 
methanol (60 mL) and water (15 mL) with excess 2-methoxyaniline (246 mg, 2.00 mmol). The 
reaction mixture was heated to reflux and stirred vigorously under argon for 2 days. After 
cooling to room temperature, the solvent was evaporated, and the crude product was 
precipitated twice from MeOH with ethyl acetate to afford a brown solid. Anion exchange to 
PF6
-
 was achieved by dissolving the solid in a mixture of water/methanol (10 mL) and adding 3 
g of NH4PF6. After stirring at room temperature for 1 h, the resulting yellow precipitate was 
collected by filtration, washed with water (2 × 50 mL) and dried in vacuo overnight to yield 
dimer 4.13c as a brown solid after filtration and drying (168 mg, 85%). M.p 300 °C(dec). 
1
H 
NMR (acetonitrile-d3 with 1% trifluoroacetic acid (TFA); the signal of TFA is not reported; 400 
MHz) δ 9.16 (d, J = 7.0 Hz, 4H), 9.10 (d, J = 6.1 Hz, 4H), 8.66 (m, 8H), 7.80-7.64 (m, 10H), 
7.41 (d, J = 8.6 Hz, 2H), 7.93 (t, J = 7.5 Hz, 2H), 4.08 (s, 6H), 3.93 (s, 6H). 
13
C NMR 
(acetonitrile-d3 with 1% trifluoroacetic acid (TFA); the signal of TFA is not reported; 175 MHz) 
δ 153.4, 152.9, 148.3, 148.3, 134.7, 131.8, 131.6, 128.1, 128.0, 127.97, 127.93, 127.4, 122.5, 
121.5, 114.9, 114.4, 113.4, 57.8, 57.3. IR (cm
-1
)  = 1227 (ether C-O). [M-2H]2+ calc. 
C48H40O4N4 for 368.1519, found 368.1511. 
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Synthesis of dimer 4.13d 
 
 
 
The precursor 4.12 for general dimer (150 mg, 0.15 mmol) was dissolved in a mixture of 
methanol (60 mL) and water (15 mL) with excess 3,5-dimethoxyaniline (409 mg, 2.67 mmol). 
The reaction mixture was heated to reflux and stirred vigorously under argon for 2 days. After 
cooling to room temperature, the solvent was evaporated, and the crude product was 
precipitated twice from MeOH with ethyl acetate to afford a brown solid. Anion exchange to 
PF6
-
 was achieved by dissolving the solid in a mixture of water/methanol (10 mL) and adding 3 
g of NH4PF6. After stirring at room temperature for 1 h, the resulting yellow precipitate was 
collected by filtration, washed with water (2 × 50 mL) and dried in vacuo overnight to yield 
dimer 3 as a brown solid (186 mg, 90%). M.p 372 °C (dec). 
1
H NMR (acetonitrile-d3 with 1% 
trifluoroacetic acid (TFA); the signal of TFA is not reported; 400 MHz) δ 9.21 (d, J = 6.8 Hz, 
4H), 9.15 (d, J = 6.8 Hz, 4H), 8.65 (d, J = 5.8 Hz, 8H), 7.80 (d, J = 8.4 Hz, 2H), 7.70-7.68 (m, 
4H), 6.96 (d, J = 1.9 Hz, 4H), 6.88 (s, 2H), 4.07(s, 6H), 3.93 (s, 12H). 
13
C NMR (acetonitrile-d3 
with 1% trifluoroacetic acid (TFA); the signal of TFA is not reported; 100 MHz) δ 162.9, 153.4, 
151.6, 148.3, 146.6, 145.3, 144.8, 131.8, 128.2, 128.1, 128.0, 121.5, 113.4, 104.1, 103.9, 57.8, 
56.9. IR (cm
-1
)  = 1162 (ether C-O). [M-2H]2+ calc. C48H44O6N4 for 398.1625, found 
398.1629. 
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Synthesis of dimer 4.13f 
 
 
 
The precursor for general dimer (150 mg, 0.15 mmol) was dissolved in a mixture of methanol 
(60 mL) and water (15 mL) with aniline (465 mg, 5.00 mmol). The reaction mixture was heated 
to reflux and stirred vigorously under argon for 3 days. After cooling to room temperature, the 
solvent was evaporated, and the crude product was precipitated twice from MeOH with ethyl 
acetate to afford a brown solid. Anion exchange to PF6
-
 was achieved by dissolving the solid in 
a mixture of water/methanol (10 mL) and adding 3 g of NH4PF6. After stirring at room 
temperature for 1 h, the resulting yellow precipitate was collected by filtration, washed with 
water (2 × 50 mL) and dried in vacuo overnight to yield dimer 4.13f as a deep brown solid (164 
mg, 87%). M.p 322 °C (dec). 
1
H NMR (acetonitrile-d3 with 1% trifluoroacetic acid (TFA); the 
signal of TFA is not reported; 400 MHz) δ 9.22 (d, J = 6.4 Hz, 4H), 9.13 (d, J = 6.8 Hz, 4H), 
8.65 (m, 8H), 7.82 (s, 10H), 7.72-7.68 (m, 4H), 6.96 (m, 2H), 6.88 (s, 2H), 4.03(s, 6H). 
13
C 
NMR (acetonitrile-d3 with 1% trifluoroacetic acid (TFA); the signal of TFA is not reported; 100 
MHz) δ 152.5, 152.2, 147.4, 147.3, 145.73, 145.69, 130.7, 127.4, 127.37, 126.9, 126.8, 124.5, 
112,5, 111.5, 110.6, 55.6. [M-2H]
2+
 calc. C46H36O2N4 for 338.1414, found 398.1415. 
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Synthesis of dimer 4.13g 
 
 
 
The precursor for general dimer (150 mg, 0.15 mmol) was dissolved in a mixture of methanol 
(60 mL) and water (15 mL) with excess of naphthalen-1-amine (545 mg, 4.00 mmol). The 
reaction mixture was heated to reflux and stirred vigorously under argon for 3 days. After 
cooling to room temperature, the solvent was evaporated, and the crude product was 
precipitated twice from MeOH with ethyl acetate to afford a brown solid. Anion exchange to 
PF6
-
 was achieved by dissolving the solid in a mixture of water/methanol (10 mL) and adding 3 
g of NH4PF6. After stirring at room temperature for 1 h, the resulting yellow precipitate was 
collected by filtration, washed with water (2 × 50 mL) and dried in vacuo overnight to yield 
dimer 4.13g as a brownish yellow solid (191 mg, 92%). M.p 340 °C (dec). 
1
H NMR 
(acetonitrile-d3 with 1% trifluoroacetic acid (TFA); the signal of TFA is not reported; 400 MHz) 
δ 9.20 (dd, J = 6.9, 7.0 Hz, 8H), 8.74 (d, J = 6.7 Hz, 4H), 8.70 (d, J = 6.7 Hz, 4H), 8.37 (d, J = 
8.2 Hz, 2H), 8.22 (d, J = 7.8 Hz, 2H), 7.91 (d, J = 6.7 Hz, 2H), 7.85-7.71 (m, 12H), 7.49 (d, J = 
8.2 Hz, 2H), 4.07(s, 6H). 
13
C NMR (acetonitrile-d3 with 1% trifluoroacetic acid (TFA); the 
signal of TFA is not reported; 100 MHz) δ 153.5, 152.4, 151.9, 148.4, 145.3, 139.3, 135.1, 
133.6, 131.8, 130.2, 129.8, 129.1, 128.7, 128.1, 128.05, 127.9, 126.4, 125.6, 121.5, 121.2, 
113.5, 57.8. [M-2H]
2+
 calc. C48H40O2N4 for 388.1570, found 388.1573. 
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Synthesis of dimer 4.13h 
 
 
 
The precursor for general dimer (150 mg, 0.15 mmol) was dissolved in a mixture of methanol 
(60 mL) and water (15 mL) with excess of 1-aminopyrene (270 mg, 1.24 mmol). The reaction 
mixture was heated to reflux and stirred vigorously under argon for 3 days. After cooling to 
room temperature, the solvent was evaporated, and the crude product was precipitated twice 
from MeOH with ethyl acetate to afford a brown solid. Anion exchange to PF6
-
 was achieved by 
dissolving the solid in a mixture of water/methanol (10 mL) and adding 3 g of NH4PF6. After 
stirring at room temperature for 1 h, the resulting yellow precipitate was collected by filtration, 
washed with water (2 × 50 mL) and dried in vacuo overnight to yield dimer 4.13h as a brownish 
yellow solid (214 mg, 95%). M.p 343 °C (dec). 
1
H NMR (acetonitrile-d3 with 1% 
trifluoroacetic acid (TFA); the signal of TFA is not reported; 400 MHz) δ 9.37 (d, J = 6.0 Hz, 
4H), 9.24 (d, J = 6.4 Hz, 4H), 8.88 (d, J = 6.2 Hz, 4H), 8.76 (d, J = 6.4 Hz, 4H), 8.59 (d, J = 8.3 
Hz, 3H), 8.54 (d, J = 7.7 Hz, 2H), 8.48 (t, J = 7.6 Hz, 3H), 8.44 (d, J = 7.7 Hz, 4H), 8.38 (t, J = 
9.5 Hz, 4H), 8.29 (t, J = 7.6 Hz, 2H), 7.88 (d,  J = 8.0 Hz, 2H), 7.76-7.72 (m, 4H), 4.13(s, 6H). 
13
C NMR (acetonitrile-d3 with 1% trifluoroacetic acid (TFA); the signal of TFA is not reported; 
100 MHz) δ 152.2, 151.0, 150.7, 147.6, 147.2, 146.8, 144.12, 143.8, 134.8, 133.4, 131.0, 
130.8, 130.6, 130.1, 129.96, 127.5, 126.9, 126.85, 126.8, 126.7, 126.5, 125.7, 125.05, 124.97, 
124.2, 123.2, 123.1, 120.3, 118.5, 112.2, 56.6. [M-2H]
2+
 calc. C66H44O2N4 for 462.1727, 
found 462.1727. 
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Synthesis of 4.14 
 
1-(2,4-Dinitrophenyl)-[4,4'-bipyridin]-1-ium chloride 
3.10 (3.59 g, 10 mmol) was dissolved in ethanol (50 
mL) with a large excess of dimethyl 
3,5-dimethoxyaniline (5.04 g, 24.9 mmol). The 
mixture was heated to reflux and stirred vigorously for 2 days. After cooling to room 
temperature, the solvent was evaporated and the product reprecipitated twice with ethyl 
acetate from methanol. The precipitate was collected by filtration, washed with THF 
(200 mL), and dried in vacuo to yield 4.14 as a brown solid (3.08 g, 94%) M.p. 241 °C 
(dec). 
1
H NMR (D2O, 400 MHz) δ 9.18 (d, J = 6.8 Hz, 2H), 8.78 (d, J = 6.4 Hz, 2H), 
8.55 (d, J = 6.8 Hz, 2H), 7.97 (d, J = 6.0 Hz, 2H), 6.96 (d, J = 2.0 Hz, 2H), 6.84 (t, J = 
2.0 Hz, 1H), 3.89 (s, 6H). 
13
C NMR (D2O, 100 MHz) δ 161.4, 154.9, 150.1, 144.6, 
143.8, 142.2, 125.9, 122.6, 103.02, 102.95, 56.05. IR (cm
-1
)  = 1582, 1329 (NO2). 
[M]
1+
 calc. C18H17O2N2 for 293.1285, found 293.1283. 
 
Synthesis of 4.15 
 
Compound 4.14 (2.10 g, 6.38 mmol) was dissolved 
in 8 mL of EtOH with a large excess of 
1-chloro-2,4-dinitrobenzene (10.0 g, 49.4 mmol). 
The solvent was heated to reflux and stirred 
strongly for 3 days. After cooling to room 
temperature, the crystals were filtered off and washed with THF (2 × 100 mL), further washed 
with EtOAc (2×100 mL), and dried in vacuo to yield a yellow solid (2.04 g, 60%). M.p. 
216-218 ˚ C. 1H NMR (D2O, 400 MHz) δ 9.47-9.43 (m, 5H), 8.97 (dd, J = 2.8，8.8 Hz, 1H), 8.92 
(d, J = 6.8 Hz, 2H), 8.83 (d, J = 6.8 Hz, 2H), 8.33 (d, J = 8.8 Hz, 1H), 7.06 (d, J = 2.0 Hz, 2H), 
6.95 (t, J = 2.0 Hz, 1H), 3.94 (s, 6H). 
13
C NMR (D2O, 100 MHz) δ 161.4, 152.9, 150.9, 150.4, 
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149.7, 146.6, 145.6, 143.7. 142.7, 138.2, 131.0, 130.6, 127.2, 127.1, 122.7, 103.3, 103.1, 56.0. 
IR (cm
-1
)  = 1542, 1331 (NO2). [M-1H]
1+
 calc. C24H21O5N4 for 445.1506, found 445.1501. 
 
Synthesis of trimer 4.16 
 
 
 
Aromatic diamine 3.11 (403 mg, 0.59 mmol) was dissolved in 100 mL of 
ethanol/water (1:1, v/v) with precursor (4.15) (704 mg, 1.20 mmol) and the solution 
was refluxed for 3 d. The solvent was concentrated to leave approximately 5 mL, and 
this was added to a rapidly stirred solution of NH4PF6 in a mixture of methanol and 
water (30 mL, 2:8 v/v). After stirring at room temperature for 1 h, the resulting 
precipitate was filtered off, washed with 300 mL of water and 300 mL of ethyl acetate, 
and finally purified by column chromatography (elution gradient: acetonitrile to 1% 
NH4PF6 in acetonitrile w/v). Excess salts were removed by precipitating the crude 
product twice from acetonitrile/water and the product was then dried under high 
vacuum to give a brown solid, 4.16, (1.14 mg, 95%). M.p. 392 °C (dec.). 
1
H NMR 
(acetonitrile-d3 with 1% trifluoroacetic acid (TFA); the signal of TFA is not reported; 
400 MHz) δ 9.22 (d, J = 6.6 Hz, 8H), 8.69-8.65 (m, 12H), 7.81 (d, J = 7.8 Hz, 4H), 
7.71 (m, 6H), 6.96 (s, 4H), 6.87 (s, 2H), 4.06 (s, 12H), 3.93(s, 12H). 
13
C NMR 
(acetonitrile-d3 with 1% trifluoroacetic acid (TFA); the signal of TFA is not reported; 
100 MHz) δ 162.9, 153.4, 151.6, 148.2, 146.5, 145.3, 144.8, 131.8, 128.13, 128.07, 
127.99, 127.94, 121.5, 113.4, 104.0, 57.8, 56.9. IR (cm
-1
) = 1162 (ether, C-O), 1541 
(NO2). [M-1H]
5+
 calc. C74H65O8N6 for 233.0967, found 233.0968. 
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Synthesis of dimer 4.17 
 
 
 
The intermediate compound 3.8 (587 mg, 1 mmol) was dissolved in EtOH (5 mL) with 
aromatic diamine 4.9 (126 mg, 0.5 mmol). The solvent was heated to reflux and stirred for 4 
days. After cooling to room temperature, the solvent was evaporated and the crude product was 
recrystallized from water (15 mL) and THF (150 mL) to afford crude 4.17 as a brown solid, 
further purification was achieved by a single recrystallization from water to generate 4.17 as a 
light brown solid (126 mg, 41% isolate yield). M.p 379 ˚C (dec). 1H NMR (D2O, 400MHz) δ 
9.52 (q, 6.8 Hz, 8HA/A‟), 8.97 (s, 2HC), 8.88 (d, 4.8 Hz, 8HB/B‟), 8.70 (d, 1.6 Hz, 4HF), 8.56 (d, 
8.4 Hz, 4HE), 8.13 (d, 8.8 Hz, 4HD), 4.06 (s, 4HOMe). 
13
C NMR (D2O, 700 MHz) δ 166, 165, 151, 
151, 146, 146, 145, 142, 133, 133, 129, 129, 127, 127, 126, 125, 53.  IR (cm
-1
) v 1736 s (ester). 
[M-2H]
2+
 calc. C54H40O9N6 for 458.1423, found 458.1417, [M-1H]
1+
 calc. C54H41O9N6 for 
458.6462, found 458.6438. 
 
Synthesis of 3,3"-dinitro-m-terphenyl (5.14) 
 
1,3-dibromobenzene (1.50 g, 6.36 mmol), 3-nitrophenyl 
boronic acid (2.23 g, 13.3 mmol), Na2CO3 (2.7 g, 25.4 
mmol) and Pd(OAc)2 (～15 mg) were stirred in a mixture of 
water (30 mL) and DMF (55 mL) at 70 °C overnight. The 
product was precipitated in water, filtered off and washed with methanol, water, then 
methanol once again before drying under vacuum for 2 h to afford the intermediate 
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5.14 as a grey powder (1.54 g, 66.5%). M.p. (DSC) 210 °C; 
1
H NMR (DMSO-d6, 400 
MHz) δ8.59 (s, 2H), 8.30 (d, J = 7.6, 2H), 8.28 (d, J = 8.0, 2H), 8.16 (s, 1H), 7.86 (d, J 
= 8.0,  2H) 7.79 (t, J = 8.4, 2H) 7.67 (t, J = 7.6, 1H); 
13
C NMR (DMSO-d6, 400 MHz) 
δ (ppm) 148.5, 141.4, 138.8, 133.7, 130.4, 130.1, 127.3, 125.9, 122.36, 121.8; IR 
(cm
-1
)  =  1528 (N-O), 1344 (C-N), 888 (C-H Ar). MS (m/z) calc. for 
(C18H12N2O4)
+
: 320.0797, found 320.0799. 
 
Synthesis of m-terphenylene diamine (5.15)  
 
A solution of palladium(II) acetate (50 mg, 2 mmol) and 
intermediate 5.14 (1.30 g, 4 mmol) in tetrahydrofuran (20 
mL) was stirred until homogenous. A solution of potassium 
fluoride (1.0 g, 17.2 mmol) in water (8 mL) was added. 
Liquid polymethylhydrosiloxane (4 mL, 32 mmol) was then added dropwise. The 
solution was stirred for 3 h. CHCl3 (100 mL) was added to the reaction mixture and the 
organic phase was separated and dried over MgSO4, then concentrated under vacuum. 
The resulting oil was easily purified by column chromatography on silica gel (ethanol: 
hexane 1:4, v/v) to afford the desired diamine as yellow oil (0.83g, 100%). 
1
H NMR 
(DMSO-d6, 400 MHz) δ7.58 (s, 1H), 7.39 (m, 3H), 7.01 (t, J = 7.02, 2H), 6.79 (s, 2H), 
6.72 (d, J = 6.7, 2H), 6.47 (d, J = 6.5, 2H) 5.06 (s, 2NH2); 
13
C NMR (DMSO-d6, 100 
MHz) δ 149.1, 141.5, 140.9, 129.4, 129.1, 125.2, 124.6, 114.4, 113.2, 112.2; IR (cm-1) 
 = 3367 (N-H) 1598 (N-H bend), 1478 (C-N), 907 (N-H wag). MS (m/z) calc. for 
(C18H17N2)
+
: 261.1392, found 261.1384. 
 
Synthesis of tetracationic macrocycle 5.16 
 
 A solution of Zincke salt (1.65) (431 mg, 
0768 mmol) in a mixture of EtOH (3 mL) 
and water (2 mL) and a solution of aromatic 
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diamine (5.15) (200 mg, 0.768 mmol) in DMAc (5 mL) were added drop-wise to a 
rapidly stirred DMAc (80 mL) at 50 °C via two syringes. The reaction mixture was 
stirred under a positive pressure of argon for 5 d. After cooling to room temperature, 
the solution was concentrated to approximately 5 mL under reduced pressure and 
added slowly to a rapidly stirred solution of NH4PF6 (20 g) in water (200 ml). After 
stirring at room temperature for 1 h, the resulting yellow precipitate was collected by 
filtration, washed with water (2 × 20 mL) and dried in vacuo overnight. Purification 
was achieved by precipitating into a mixture of acetonitrile: acetone (10:90, v/v) to 
afford the yellow solid (100 mg, 10%). M.p. 380 ˚C (dec). 1H NMR acetone-d6, 400 
MHz) δ 9.83 (d, J = 6.7 Hz, 4H), 9.08 (d, J = 6.7 Hz, 4H), 8.54 (s, 4H), 8.39 (s, 2H), 
8.26 (d, J = 7.5 Hz, 4H), 8.11 (d, J = 6.6 Hz, 4H), 8.05 – 7.91 (m, 6H), 7.78 (t, J = 7.7 
Hz, 2H). 
13
C NMR (acetonitrile-d3, 100 MHz) δ 150.4, 150.0, 145.5, 144.3, 142.4, 
139.5, 139.0, 131.4, 130.9, 130.4, 130.2, 129.8, 127.2, 127.1, 127.0, 124.1, 123.4, 
123.2, 123.1. MS (m/z) calc. for (C56H40N4F12P2)
2+
: 529.1263, found 529.1263. 
 
Synthesis of monotosylated tetraethylene glycol 5.18
268
  
 
A solution of tetraethylene glycol (100.0 g, 515 mmol) 
in THF (230 mL) was added to a solution of sodium 
hydroxide (6.89g, 172 mmol) in of deionized water (20 
mL). The mixture solution was cooled to 0 °C and then the solution of toluene sulfonyl 
chloride (9.81g, 51.5 mmol) in THF (20 mL) was added dropwise. After 2 hours, the 
solution was poured into 200 mL deionized water. The organic layers were separated 
and extracted with DCM. The organic layers were combined and washed with water, 
dried with MgSO4, filtered and concentrated under reduced pressure to yield 5.18 as a 
colourless oil (15.8g, 88%). 
1
H NMR (CDCl3, 400 MHz) δ7.77 (d, J = 8.3 Hz, 2 H), 
7.32 (d, J = 8.1Hz, 2 H), 4.14 (m, 2 H), 3.39–3.56 (m, 14 H), 2.42 (s, 3H). (Data in 
agreement with lit.)
268
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Synthesis of 1,5-dialkoxy naphthalene 5.19
255
  
 
1,5-dihydroxynaphthalene (2.0g, 
12.49 mmol), K2CO3 (4.28g, 31.2 
mmol) and 18-crown-6 (25mg, 
0.125 mmol) were dissolved in 
anhydrous acetonitrile (20 mL) 
under argon. The mixture was 
heated to reflux for 1 h, then 5.21 (15.7g, 45.0 mmol) was added to the solution 
dropwise. After heat to reflux under argon for 1 d, the solvent was evaporated, washed 
with H2O, then extracted with EtOAc and DCM. The organic layers were combined, 
and dried with MgSO4. The solvent was removed to yield the crude product, which 
can be easily purified by silica gel column chromatography (ethanol : ethyl acetate 1:4) 
to afford 5.19 as a reddish oil (8.08 g, 64%). 
1
H NMR (CDCl3, 400 MHz) δ 7.85 (d, J 
= 8.5 Hz, 2H), 7.34 (t, J = 8.0 Hz, 2H), 6.84 (d, J = 7.6 Hz, 2H), 4.30 (t, J =4.7 Hz, 
4H), 3.99 (t, J = 5.0 Hz, 4H), 3.81-3.79 (m, 4H), 3.70-3.63 (m, 18H), 3.58-3.56 (m, 
4H). (Data in agreement with lit.)
255
 
  
Synthesis of 5.20
255
  
 
Triethylamine (Et3N) (2.1g, 20.8 
mmol) and N,N‟- 
dimethylaminopyridine (DMAP) 
(854mg, 6.91 mmol) were added to a 
solution of 5.21 in dry DCM (175 mL) 
at 0 °C under a nitrogen atmosphere. 
After 5 min, a solution of TsCl (4.0g, 21.24 mmol) was added directly to the reaction. 
The reaction mixture was allowed to warm up to room temperature and stiried for 
another 12 h. The solvent was removed, washed with H2O, extracted with EtOAc and 
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DCM. The organic layers were combined and dried with MgSO4, the solvent was 
removed to yield the crude product. Purification was achieved by precipitation with 
acetone and petroleum ether (40-60 °C) to afford 5.20 a yellow oil (3.24 g, 57%). 
1
H 
NMR (CDCl3, 400 MHz) δ 7.85 (d, J = 8.5 Hz, 2H), 7.35-7.29 (m, 6H), 6.84 (d, J = 
7.6 Hz, 2H), 4.29 (t, J =4.7 Hz, 4H), 4.13(t, J = 4.8 Hz, 4H), 3.99 (t, J = 5.0 Hz, 4H), 
3.79-3.77 (m, 4H), 3.67-3.64 (m, 8H), 3.61-3.55 (m, 8H), 2.41 (s, 6H). (Data in 
agreement with lit.)
255
 
 
Synthesis of 3NP (5.22) 
 
1-Naphthol (905 mg, 6.28 
mmol), K2CO3 (427 mg, 
3.09 mmol) and 
18-crown-6 (100mg, 0.5 
mmol) were dissolved in 
anhydrous acetonitrile (20 
mL) under argon atmosphere, the mixture was heated under reflux for 1 h, then 
1NP-ditosylate (5.21) (984 mg, 1.68 mmol) was added. The reaction mixture was 
refluxed and stirred under argon for further 2 days. Solvent was evaporated, and the 
residue washed with H2O, and then finally extracted into CH2Cl2 and dried with 
MgSO4. The solvent was collected and evaporated to yield the crude product, which 
was purified by silica gel column chromatography (ethyl acetate) to afford 5.22 as an 
orange oil (2.36 g, 100%). 
1
H NMR (CDCl3, 400 MHz) δ 8.27 (d, J = 6.6 Hz, 2H), 
7.85 (d, J = 8.2 Hz, 2H), 7.77 (d, J = 6.8 Hz, 2H), 7.45 – 7.40 (m, 2H), 7.32 (dd, J = 
16.5, 8.2 Hz, 4H), 6.77 (d, J = 7.2 Hz, 4H), 4.25 – 4.23 (m, 8H), 3.96 (d, J = 1.9 Hz, 
8H), 3.74 (d, J = 26.1 Hz, 16H). 
13
C NMR (CDCl3, 100 MHz) δ 154.5, 154.3, 134.5, 
127.4, 126.4, 125.8, 125.1, 122.1, 120.4, 114.6, 105.6, 104.9, 70.9, 70.7, 69.8, 67.8, 
67.8. MS (m/z) calc. for (C46H53O10)
2+
: 765.3633, found 765.3633. 
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Appendix 1 
 
  
 
 
 
Figure S2. The I/V plot of unimer 3.1, dimer 3.2 and trimer 3.3 containing ester end groups, respectively. 
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Figure S3. The I/V plot of unimer 4.10d, dimer 4.13d and trimers 4.16 containing ester end groups, respectively 
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Figure S4. The I/V plot of unimer 4.10f, 4.10g, 4.10h containing varying numbers of fused aromatic rings residues on 
the end group. 
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Appendix 2 
In order to fully understand the redox-induced changes in 5.16, thin-layer ultraviolet-visible 
spectroelectrochemical (UV-vis SEC) measurements were carried out at 293 K with 0.2 mM 
5.16 in DMF/0.1 M TBAPF6.   
 
The observed spectral changes for compound 5.16 exhibit isosbestic points, excluding the 
possibility of side reactions on the timescale of the experiment. The cathodic steps were 
reversible and parent electronic absorption spectra were recovered upon reoxidation.  
 
Figure S5 shows the UV-Vis spectral monitoring of the electrochemical reduction of 
tetracationic macrocycle 5.16 at the two well-defined cathodic waves shown in Figure S5. 
Conversion of the tetracationic species to the bis(radical cation) results in new absorption bands 
at 435 nm, 600 nm and 715 nm (Figure S5A), which indicates the formation of radical cationic 
viologen. Continued decrease in the applied cathodic potential results in the formation of a 
second transformation associated with intense absorption band at 445, and decrease absorption 
bands at 600 nm and 715 nm. 
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Figure S5. Reversible UV-vis spectral changes accompanying the stepwise electrochemical reduction of macrocycle 
5.16 to bis(radical cation) (spectrum A) and the neutral quinoid form (spectrum B). Spectra recorded in anhydrous 
DMF/0.1 M TABPF6, using an OTTLE cell. 
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Figure S6. UV-vis spectral changes accompanying the stepwise reduction of tetracationic 5.16 to it second 
tranformation species. 
Figure S6 shows an overlaid plot of the UV/vis spectra of the three stable, 
spectroscopically distinct species in the redox cycle of 5.16. The increase in intensity 
of the absorption band of radical cationic viologen at 615 and 700 nm as the molecule 
becomes reduced to the bis(radical cationic) species (Red arrow). This compares to a 
change in intensity of black arrow when moving from the bis(radical cationic) species 
to the fully reduced, 1nd transformation. These data suggest that the 2
nd
 transformation 
species of 5.16, which is formed at approximately -0.80 V, did not fully reduce. This 
was caused by the precipitation of the box after reduction.  
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Appendix 3 
“Efficient access to conjugated 4,4ʹ-bipyridinium oligomers using the Zincke reaction: 
Synthesis, spectroscopic and electrochemical properties” 
 
 
